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ABSTRACT
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Mesencephalon and Brainstem Pathways
Related to Oculomotor Function
May 1984
Neil M. Montgomery, B.A., University of Massachusetts
M.S., University of Massachusetts
Ph.D., University of Massachusetts
Directed by: Dr. Katherine V. Fite
The neuroanatomical organization of the anuran
oculomotor system was investigated using the Golgi and
horseradish peroxidase techniques. Pathways were found
to reach the oculomotor nuclei from the visual,
vestibular and somatosensory systems. These sensory
afferents form layers of terminals within the oculomotor
central gray and neuropil, and similar patterns of
lamination were found in both the mesencephalic and lower
brainstem somato-motor areas. The cytology and dendritic
architecture of the cells within the somato-motor portion
of the brainstem were examined and cells with similar
morphology and connectivity were found surrounding all
three oculomotor nuclei.
In comparing anurans with mammals, the anatomical
organization of the oculomotor nuclei was found to be
remarkably similar. A fundamental difference in the
i i i
organization of the mammalian and anuran oculomotor system
is that the mammalian oculomotor neurons' dendritic trees
do not penetrate to the outer margins of the neuropil as
they do in anurans. Internuclear pathways were found to
exist in anurans as well as local systems of afferents
.with connections similar to those of the nucleus inter-
stitialis of Cajal and pontine tegmentum of mammals.
With regard to the vestibular nuclei, it was possible to
subdivide the anuran ventral vestibular nucleus into a
number of cell groups with distinctive projections.
Unlike the mammalian cerebellum, visual afferents were
not found to reach the cerebellar lobes in anurans.
These results indicate that comparisons between the
subcortical organization of the mammalian oculomotor
system and those circuits found in anurans must be
qualified by the major anatomical differences which exist
between these two groups.
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CHAPTER I
INTRODUCTION
The study of the neural control of eye movements has
been a topic of extensive research within the neurosciences
over the past two decades. In this dissertation, the
central nervous system components underlying the movements
of the eye will be analyzed anatomically to determine their
synaptic organization.
The oculomotor system offers a unique opportunity to
study the transition from sensory input to motor outflow.
The movements of the eye are governed by six pairs of
muscles. Three cranial nerve nuclei innervate these
muscles: the oculomotor nucleus, the trochlear nucleus
and the abducens nucleus. The activation of an oculomotor
neuron requires the input of three modalities: vision,
position sense and vestibular sense. The final output of
an oculomotor neuron thus represents the convergence of
these three sensory systems and their expression in the
coordinated movement of the striate musculature.
In 1962, Walls presented an evolutionary history of
eye movements, and proposed that the original and most
basic function of eye movements was not to move the eye
in response to visual stimuli but rather to hold the eye
steady while the head was moving either in an active or
passive manner. To do this, the fundamental vertebrate
1
2oculomotor nuclei evolved such that a series of reflexes
integrating vestibular and visual signals appear to exist
in almost all species. These initial oculomotor reflexes,
developed early in the evolution of fish, and are known
today as the vestibulo-ocular reflexes (VOR) . Walls pro-
posed that soon after these first oculomotor reflexes de-
veloped, a second set of reflexes evolved. These reflexes
had a different function, being designed to hold the visual
field constant in relation to the head even when that field
was in motion. Walls termed these reflexive eye movements
the "collicular field-holding reflexes." The most commonly
studied of these responses is the optokinetic nystagmus
(OKN) response which can be easily induced experimentally.
Walls described a final set of visually guided eye move-
ments, found only in higher vertebrates, which are governed
by the neocortex and are involved in pursuit eye movements.
This evolutionary theory of eye movements was based upon
almost 100 years of research into ocular reflexes. Walls'
triad of vestibular, subcortical and neocortical eye move-
ments has become the subject of intensive research. In
addition to eye movements resulting from inner ear stimula-
tion, movements of the visual field and pursuit eye
movements a number of other eye movements are recognized
including voluntary saccades, slow drift and rapid tremour
eye movements which prevent retinal adaptation. The neural
components underlying these reflexes are also more complex
oculomotor nuclei evolved such that a series of reflexes
integrating vestibular and visual signals appear to exist
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in almost all species. These initial oculomotor reflexes,
developed early in the evolution of fish, and are known
today as the vestibulo-ocular reflexes (VOR) . Walls pro-
posed that soon after these first oculomotor reflexes de-
veloped, a second set of reflexes evolved. These reflexes
had a different function, being designed to hold the visual
field constant in relation to the head even when that field
was in motion. Walls termed these reflexive eye movements
the "collicular field-holding reflexes." The most commonly
studied of these responses is the optokinetic nystagmus
(OKN) response which can be easily induced experimentally.
Walls described a final set of visually guided eye move-
ments, found only in higher vertebrates, which are governed
by the neocortex and are involved in pursuit eye movements.
This evolutionary theory of eye movements was based upon
almost 100 years of research into ocular reflexes. Walls'
triad of vestibular, subcortical and neocortical eye move-
ments has become the subject of intensive research. In
addition to eye movements resulting from inner ear stimula-
tion, movements of the visual field and pursuit eye
movements a number of other eye movements are recognized
including voluntary saccades, slow drift and rapid tremour
eye movements which prevent retinal adaptation. The neural
components underlying these reflexes are also more complex
3than Walls believed. In the cortex, visually guided eye
movements are not just a function of occipital lobe area 17
but also involve the cortical eye fields of the frontal
lobe, the pulvinar of the thalamus and parietal area 7 of
the cortex (Key and Robinson, 1979; Robinson et al., 1978;
Duffy and Burchfield, 1975). The collicular field-holding
reflexes and OKN described by Walls are now known to be
related to a number of subcortical structures which include
the colliculus, pretectum and accessory optic system (see
for examples, Collewijn, 1975; Fite et al., 1979).
In primates, most eye movements are under some degree
of cortical control. The dominance of the cortex over the
oculomotor system includes the ability to suppress or sup-
plement the oculomotor reflexes. Humans and monkeys have
been trained to suppress the vestibular ocular response
(Buettner and Buttner
,
1979; Vidal et al., 1979). The OKN
reflex is supplemented in many mammals by pursuit eye move-
ments. This has resulted in a distinction being drawn be-
tween optokinetic responses controlled by the neocortex and
foveal portion of the retina and optokinetic responses
governed by subcortical structures in response to whole
field retinal stimulation. For an animal to be used as a
model for non-cortical nystagmus and the subcortical
circuits which control this behavior, it must meet the
following criteria: (1) its eye movements should be
limited or highly reflexive, (2) it should lack a fovea
and well-developed neocortex, and (3) it should have the
basic circuits within its oculomotor system comparable to
those found in mammals.
Anuran amphibia represented by frogs and toads, appear
to meet many of these criteria. They have limited eye
movements but do display robust OKN responses. They lack
a neocortex and, in fact, have little visual input to the
forebrain. While lacking a true fovea, there is a region
of higher visual acuity within their retinas known as the
area centralis. Information concerning the organization
of the oculomotor system in these animals has been
extremely limited, except for a few neur oanatomical studies
(Opdam et al., 1976; Matesz and Szekely, 1977). The
majority of the studies of the amphibian nervous system
have focused on the sensory inputs associated with visuo-
motor behaviors which show many of the char acter istics
found in more complex vertebrates. Over the past several
years, researchers studying a variety of visually guided
behaviors in anurans including prey-catching (Ingle, 1976),
avoidance responses (Ewert, 1976) and optokinetic nystagmus
(Montgomery et al., 1982) have found an increasing need for
more detailed information on the organization of the motor
system of these animals. This trend in scientific inquiry
is exemplified by a recent workshop on the amphibian nervous
system ("Visuomotor Coordination in Frog and Toad," Arbib,
1981). The subcortical organization of the optokinetic
5response in anurans has remained elusive due to the
inadequacy of available information on the organization of
the cranial nerve nuclei controlling eye movements and
their associated cell groups. The extent to which anurans
represent a good model for subcortical OKN is qualified by
the degree of similarity between the circuits governing
these behaviors in the two vertebrate groups.
The first and fundamental question addressed in this
dissertation is the anatomical basis of the sensory-motor
interface. Secondly, the general hypothesis is put forward
that the reflexive nature of many of the oculomotor circuits
has made them relatively "conservative," i.e., they show
little change across vertebrate classes. In particular,
I will attempt to show that frogs have subcortical cir-
cuitary governing oculomotor activity which is similar to
that found in mammals. The oculomotor system consists of
four main subdivisions within the central nervous system:
(1) the oculomotor nuclei, (2) a system of local afferents,
(3) a series of internuclear pathways between the cranial
nerve nuclei, and (4) long ascending and descending path-
ways. To test the relationship between the anuran and
mammalian oculomotor systems a series of questions will be
posed about each of these subdivisions of the system.
(1) How does the anatomy of the oculomotor nuclei
differ between ranid frogs and mammals?
6(2) Do ranids have a system of local afferents and,
if so, what is their morphology and connectivity?
(3) Do internuclear pathways exist in ranids and, if
so, are they similar to those found in mammals?
(4) What are the origins and distribution of the long
ascending and descending afferent systems in ranids? How
do they compare with those of mammals?
(5) What circuits are responsible for the integration
of head and eye movements in ranids as shown by their pro-
jections to the cervical level of the spinal cord?
(6) A last fundamental question about the oculomotor
system relates to all of the above questions. Where do the
visual, vestibular and somato-sensory maps come together
within the oculomotor system?
To set the stage for this comparison, I will first
briefly review the architecture of the oculomotor portions
of the mesencephalon and brainstem in a number of non-
mammals. The first section will also outline the major
trends in the evolution of the oculomotor system as well as
clarify the differences in the nomenclature used to describe
mammalian and nonmammalian structures. Second, the litera-
ture on the neural circuits and electrophysiology of the
mammalian oculomotor system will be reviewed. The second
section will serve as a basis for comparison of the neural
circuits related to the oculomotor system in ranids and
mammals
.
7Nonmammalian Oculomotor System
The brains of many nonmammals as well as those of
embryonic mammals display a number of fundamental features
of neural organization including the division of the brain
into dorsal-sensory and ventral-motor plates, segmentation,
and the division of the sensory and motor plates along
functional lines. Some of these characteristics can also
be seen in the mammalian spinal cord. Sensory afferents
enter along the dorsal margin of the spinal cord and motor
efferents exit along the ventral margin (Figure 1) . This
topographical relationship between dorsal sensory and
ventral motor structures is a remnant of the initial forma-
tion of the neural tube from two plates of tissue, a dorsal
sensory and ventral motor plates. The second basic pattern
of neural organization which can also be seen in the spinal
cord is segmentation. The spinal cord is composed of a
series of segments which contain both local and long
ascending pathways. Two segments of the brain will be con-
sidered here: the mesencephalon and the lower brainstem
and, within these segments, the relationship between the
dorsal sensory and ventral motor plates as well as their
local circuits and long pathways will also be discussed.
The concept of the brain's division into dorsal-
sensory and ventral motor structures originated in the
observations of His (1888) . This work was expanded by
8Johnson (1901) and Herrick (1948) who showed that the
sensory and motor plates could be subdivided into regions
devoted to particular types of sensory and motor activity.
The most lateral portions of the sensory plate contain
structures related to the so-called "special" senses, for
example: optic, vestibular and auditory. More medially,
there is a somato-sensory region and, even more medially,
a viscero-sensory area. Within the ventral plate, the most
lateral structures relate to the viscero-motor structures
while the most medial region is composed of somato-motor
structures (Figure, 1) (Herrick, 1948). The special sensory
region of the brainstem is composed of the nuclei of the
VIII nerve, consisting of both vestibular and acoustic
areas. The mesencephalic, special sensory area receives
visual afferents. The ventral somato-motor area of the
mescencephalon is composed of two cranial nerve nuclei:
the oculomotor nucleus (n.III) and the trochlear (n.IV).
In the brainstem, there are a number of cranial nerve
nuclei within the viscero-motor area. These nuclei include
the trigeminal motor nucleus, the facial motor nucleus,
the vagus nerve nuclei, the glossopharyngeal nucleus and
the hypoglossal nucleus. The somato-motor component of the
ventral plate contains only one nucleus, the abducens
(n.VI). In the mesencephalon local circuits consist of
visual afferent and oculomotor efferents. In the brainstem,
the sensory afferents are vestibular whereas the motor
9output is oculomotor. This dissertation will focus on the
neuroanatomical connections between the mesencephalic and
lower brainstem sensory structures and the somato-motor
nucle i
.
To understand how the level of complexity seen in the
frog somato-motor region compares with that of mammals, the
phylogenetic trends in the organization of this region
across the vertebrate sequence will be reviewed. The
terminology used by neuroanatomists to describe the struc-
tures of the somato-motor region varies considerably across
species. This confusion of terms originates from the ques-
tion of homology in comparing structures found in different
brains. Homology represents the degree to which one struc-
ture can be considered ancestral to another (Hodos, 1976).
The true test of homology requires an exhaustive appraisal
of the embryonic origins of structures, their topography,
cellular elements, cytochemistry, connections and functions
(see Hodos, 1976, for review). Consideration of homology
in this dissertation will, whenever possible, be based upon
the consensus among neuroanatomists concerning oculomotor
structures which have developed over the last 100 years.
To describe, as briefly and efficiently as possible,
the evolutionary trends in the cytoarchitecture of the
somato-motor portion of the mesencephalon and brainstem, the
structure of this region will be reviewed in five
10
nonmammalian groups: (1) cyclostomes—an ancient fish,
(2) teleosts--spec ialized modern fish, (3) anuran amphib-
ians, (4) reptiles, and (5) avians.
Cyclostomes
The cyclostomes are the descendants of the primitive
cartilaginous fish which gave rise to both land animals
and modern bony fish. Many of the species within this
group show regressive neurological features such as the
myxinoids which have neither eyes nor oculomotor structures.
The least regressive of the cyclostomes are the lampreys.
The somato-motor structures of the lamprey (Figure 2)
display an extremely primitive form of organization. The
majority of the cells are located within the central gray
with very few nuclei in the surrounding white matter. The
presence of an abducens motor nucleus in the lamprey has
been the subject of much debate until the experimental
study of Finger and Rovainen (1978) which clearly showed
the existence of this nucleus. In the lamprey all three
oculomotor nuclei are continuous. Many of the cells of
both n.III and n.VI are located along the superficial
margin of the brain rather than in the central gray as in
most vertebrates. In the mesencephalon, there do not
appear to be any of the accessory cell groups usually
associated with the oculomotor nuclei. There is a mesen-
cephalic reticular nucleus, but this structure appears to
11
be part of the viscer o-motor region. At the level of the
abducens there is also a single reticular nucleus; however,
in both the mesencephalon and brainstem these reticular
nuclei are related to the giant Mauthner cells of the
viscero-motor region. These Mauthner cells are found in
all fish and in premetamorphic amphibians where they
project to the spinal cord and are involved in swimming.
The position of the oculomotor cells of n.III and n.VI
along the superficial margin of the brain and the con-
tinuity of all three oculomotor nuclei represent a very
primitive form of oculomotor organization. These features,
coupled with the lack of cell groups associated with the
oculomotor nuclei, indicate a relatively simple oculomotor
system.
Teleosts
The teleosts or bony fish represent a diverse class
of vertebrates, many of which are highly specialized.
Neurolog ically
,
the forebrains and cerebellum of teleosts
display almost as much divergence from the presumed basic
vertebrate pattern as do the advanced mammals. Because of
this, the identification of homologies to structures found
in mammalian, reptilian and amphibian brains have been
extremely speculative. With the exception of specializa-
tions seen in electrical fish, the somato-motor portions
of the mesencephalon and brainstem as well as those of the
12
spinal cord have remained fairly constant in their orga-
nization (Figure 3) . The ventral motor plate of teleosts
has a mixture of features, some of which are similar to the
cyclostomes and some which are similar to those seen in
amphibians. In both the mesencephalon and brainstem, the
viscero-motor column is dominated by Mauthner cells and
related reticular nuclei. In the mesencephalon, there is
a diffuse population of cells in the neuropil which receive
inputs from the cerebellum and project to the brainstem.
This area is similar in its connections to the red nucleus
of mammals; however, as it is differentially developed in
various species of teleosts, it may be an independent
development of the rubro-system in these animals (see
Kuhlenbeck, 1975). In the mesencephalon, the oculomotor
nucleus is located within the central gray, surrounded by
a cell group referred to as the nucleus inter sti tial is . In
the brainstem, the abducens nucleus is located on the super-
ficial margin of the brain with no surrounding cell groups.
Visual information is generally believed to reach the level
of the abducens via the tecto-bulbar pathway. In the mes-
encephalon, an accessory optic nucleus has been described,
but its relationship to the oculomotor system is unknown.
A projection from the pretectum to the oculomotor nucleus
has also been described (Finger and Karten, 1978). While
the projections of the vestibular system and cerebellum
13
have not been experimentally demonstrated in fish, these
areas can be expected to provide inputs to the oculomotor
nuclei (see Kuhlenbeck, 1975).
The mesencephalon of teleosts shows a higher degree
of specialization than does that of the cyclostomes, with
an increase in the number of cell groups. However, the
area surrounding the abducens does not show this increase
in complexity and appears to be relatively primitive,
following the basic pattern seen in the cyclostomes.
Amphibians
Matesz and Szekely (1977) were the first to demon-
strate experimentally the innervation of the frog's extra-
ocular muscles by the oculomotor nuclei. The distribution
of afferents from the three oculomotor nuclei was re-
markably similar to that seen in mammals. In this study,
both the Ed inger -Westphal and accessory abducens nuclei
were also described. The Edinger-Westphal nucleus was
found within the central gray of the mesencephalon, dorsal
to n.III and n.IV. The accessory abducens nucleus is
located in the brainstem, lateral to the primary abducens
nucleus. These results indicate that ranids have all of
the oculomotor cell groups found in mammals with homologous
patterns of innervation of the extraocular muscles. The
oculomotor neurons were found to have extensive dendritic
trees which expand across the entire ventral neuropil of
14
both the mesencephalon and brainstem (Figure 4). This type
of extensive dendritic tree has also been found in the
salamander (Herrick, 1948).
Opdam et al. (1976) have made a detailed cyto-
architectur al study of the anuran brainstem and mesen-
cephalon. In this study, they tentatively identified a
nucleus of the medial longitudinal fasciculus (nMLF) sur-
rounding n.III and n.IV. Interneural cell groups similar
to those located in mammals may be found also. Corvaja
and d'Ascanio (1981) have found projections from this
region to the spinal cord. In the brainstem, there are
three reticular nuclei at the level of the abducens. A
median nucleus is located at the midline. The medial
nucleus is composed of a collection of large and small
cells within the neuropil of the somato-motor region.
This medial reticular nucleus is generally referred to as
the nucleus medius. The lateral nucleus is composed of a
group of large cells within the viscer o-motor region.
Portions of both the median nucleus and the nucleus medius
may be involved in oculomotor functions due to their
proximity to the abducens nucleus.
A number of experimental studies have provided
evidence for vestibular, visual and somatic afferents to
the neuropil surrounding the oculomotor nuclei. The
vestibular nuclei project to all of the oculomotor nuclei
as well as to adjacent regions of the central gray via the
15
medial longitudinal fasciculus. Visual information reaches
both n. Ill and n.IV from cells postsynaptic to the accessory
optic system (Montgomery et al. r 1981). Other visual
afferents to the abducens nucleus have been described from
the pretectal region (Cochran et al., in press). The tecto-
bulbar pathway has fibers which arborize in both the
viscer o-motor and somato-motor portions of the brainstem
neuropil (Rubinson, 1968); however, the nature of its con-
nections to n.vi are unknown. Price and Cruce (1982) have
found that a single nucleus of the cerebellum of anurans
projects to the ventral mesencephalon and may reach the
oculomotor nuclei.
In general, the somato-motor portions of the anuran
mesencephalon have the same basic components as are found
in teleosts. However, the somato-motor area in anurans
shows a differentiation of the reticular formation into
three nuclei which are not found in teleosts.
Reptiles
The mesencephalic, ventral motor plate of reptiles
shows a true intermediate type of organization between that
found in anurans and that of mammals (Figure 5) . In the
viscer o-motor region, reptiles have developed two reticular
nuclei-dorsalis and ventralis. These cell groups appear to
represent the primordium of the red nucleus and substantia
nigra seen in mammals. While studies of the oculomotor
16
neurons in reptiles are generally lacking, there do appear
to be a number of nuclei in the mesencephalon related to
the oculomotor system. These nuclei include both a nucleus
interstitialis of Cajal and a nucleus Darkschwitsch. The
accessory optic system also shows advances over those seen
in anurans with the development of direct projections to
the cerebellum in some species (Reiner and Karten, 1978).
This projection to the cerebellum is highly developed in
lizards yet absent in some species of turtle and snake
(Bangma and Ten Donkelaar
,
1982). Electrical stimulation
of the cerebellum is known to result in nystagmus and
pupillary dilation in some lizards (Goodman and Simpson,
1960). In the brainstem of reptiles, the reticular nuclei
are somewhat larger and better defined than in amphibians,
but have the same basic configuration with median, medial
and lateral nuclei. Hoogland (1982) has found that the
necleus medius projects to both the spinal cord and ventral
thalamus
.
In general, reptiles show advances in complexity of
their mesencephalic ventral motor plate with some charac-
teristics similar to those found in mammals. The brain-
stem portion of the motor plate also appears similar in
some ways to that found in amphibians.
Avians
The main differences between the structure of the
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mesencephalon and brainstem of reptiles and that found in
birds relate to an increase in the size and complexity of
the visual and reticular nuclei (Figure 6) . While many
authors have used the terminology applied to nonmammals to
describe avian structures, Karten and Hodos (1966) have
proposed the use of terms generally restricted to mammalian
structures in the parcellation of the avian brain. In the
mesencephalon, the accessory optic system is termed the
nucleus ectomamillar is which can be divided into medial
and lateral subdivisions. Lateral to the mesencephalic
oculomotor nuclei is the red nucleus which (while structur-
ally different from the red nucleus of mammals) performs
a comparable function. The oculomotor nuclei are sur-
rounded by the same collection of nuclei found in reptiles
including the nucleus interstitialis
,
the nucleus
Dar kschwitsch
,
and the Edinger-Westphal nucleus.
In the avian brainstem, due to the huge expansion of
the cerebellum, the vestibular nuclei are displaced below
the cerebellar lobes. It is possible to differentiate
within these nuclei subdivisions thus allowing the use of
the terms "superior," "lateral," "medial," and "descend-
ing" nuclei. The structures found in the neuropil surround-
ing n.VI have been proposed as homologous to the mammalian
dorsal pontine nuclei (see page 24 of this dissertation).
In reptiles and anurans, the reticular nuclei around the
18
abducens have been termed the median, medius and lateral
nuclei. Using the terms of Karten and Hodos, these nuclei
become the paramedian nucleus and the nucleus reticularis
caudalis. The most rostral of the reticular nuclei in
reptiles and anurans is termed the nucleus reticularis
superior and the most caudal nucleus, the nucleus in-
ferior. These nuclei (using mammalian terms) are,
respectively, the nucleus reticularis oralis and
gigantocellular is
.
Summary
In the nonmammalian oculomotor system a progression
can be seen which results in an increase in the number of
nuclei in the somato-motor region. The most primitive form
of organization can be seen in the lamprey. In these
animals the oculomotor nuclei are continuous with the
cells located on the superficial margin of the brain with-
out any associated cell groups. The viscer o-motor region
is dominated by Mauthner cells whose dendrites extend
through the reticular cell groups. In teleosts and
anurans, the oculomotor nuclei are found along the margins
of the central gray, and the brainstem nucleus reticularis
tegmenti can be divided into median, medial and lateral
nuclei. In reptiles, there is an elaboration of the
accessory optic system and red nucleus; in bird, there is
an expansion of the cerebellum and a differentiation of
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the vestibular nuclei. The avian reticular nuclei are
larger than those of reptiles; these have been termed the
nucleus paramedian and caudalis. In the next section, the
anatomy, electrophysiology and functional characteristics
of the mammalian oculomotor nuclei will be reviewed.
Mammalian Oculomotor System
Both pursuit and saccadic eye movements are highly
integrative functions in mammals, involving all levels of
the neuraxis. In this section, the effects of lesions and
electrophysiology of a number of structures related to the
oculomotor system will be reviewed.
The musculature
There are three functional pairs of eye muscles con-
trolling the movements of each eye: (1) superior and
inferior oblique, (2) lateral and medial rectus, and
(3) the superior and inferior rectus. All of these muscles
operate in agonist-antagonist pairs. In conjugated eye
movements, pairs of muscles are yoked to produce matching
movements. Cranial nerve nucleus n.III has the widest
range of innervation supplying the superior, inferior and
medial rectus as well as the inferior oblique. The
trochlear nucleus (n.IV) innervates the superior oblique
and superior rectus muscles while the abducens nucleus
(n.VI) controls only the lateral rectus muscles.
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The pupillary light response is controlled by the
Edinger-Westphal nucleus which is located dorsal to n.IIl.
The fibers of this nucleus join those of the oculomotor
nucleus. The ciliary ganglion contains the postganglionic
cells of this system, and these cells control the smooth
muscles of the sphincter pupillae and musculus dilator.
The retractor bulbi muscles are controlled by the accessory
abducens nucleus located lateral to the primary abducens
nucleus
.
The proprioceptive afferents from the eyes' muscu-
lature enter the brain through the semilunar ganglion and
the ophthalmic nerve. These fibers reach the main sensory
nucleus of the trigeminal spinal nucleus from which second
order fibers ascend to the ventral basal thalamus, cere-
bellum, superior colliculus and central tegmental gray.
The motoneurons
All of the oculomotor neurons have the similar
pattern of discharge before and during eye movements.
These cells all fire with a pulse-step pattern or series of
bursts (Fuchs and Luschei, 1970, 1971). The latency between
the initial burst firing of the oculomotor neurons and the
actual eye movements may vary from 1.8m/sec. to 11.4m/sec.
In saccadic eye movements, the discharge frequency of these
cells is directly related to saccadic duration with
antagonistic motoneuron inhibition. With visual fixation,
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the oculomotor neurons fire with a steady state or tonic
discharge. In smooth pursuit eye movements, the discharge
of the oculomotor neurons is incremental or decremental in
an amount proportional to the velocity of the movement
(King et al., 1981). In addition to the innervation of the
extraocular muscles, Evinger et al. (1979) have found
evidence for axonal collaterals from the cats' medial rectus
motor neurons which project to the interneurons around
n. Ill
.
Afferents to the oculomotor nucleus include:
(1) the nucleus inter stitialis of Cajal, (2) the vestibular
nuclei, (3) the abducens internuclear pathway, (4) the pre-
tectal olivary nucleus, (5) the pontine reticular formation,
and (6) the per ihypoglossal nucleus (Steiger and Buttner-
Ennever, 1979). Afferents to the trochlear nucleus
include: (1) the vestibular nuclei, (2) the internuclear
pathway, (3) the pontine reticular formation. The abducens
nucleus receives afferents from the (1) pontine reticular
formation, (2) the vestibular nuclei, (3) the internuclear
pathway (see Baker and Berthoz, 1977).
The internuclear pathways
For smooth coordination of eye movements, the
activity in n.III of the mesencephalon must be integrated
with that of n.VI in the brainstem. This system has little
synaptic delay. Injections of HRP into n.III and n.VI have
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shown what appeared to be a direct internuclear pathway
between the oculomotor nuclei. Cells in n.VI were found
to project bilaterally to n.III and n.VI (Carpenter and
Batton, 1980). The cells in n.III, in turn, projected to
the pontine reticular formation ipsilater ally and bi-
laterally to the abducens nucleus. Studies using double-
labelling techniques indicate that these cells are not
actual oculomotor neurons but a separate population within
the oculomotor nuclei which give rise to the internuclear
projections (Highstein, 1977; Maciewicz and Phipps, 1983).
Lesions which destroy these projections result in inter-
nuclear ophthalmoplegia, a disorder in which the ipsi-
lateral medial rectus muscle is weakened and a nystagmus
occurs in the abducting eye.
Mesencephalic interneurons
Within and around the mesencephalic central gray,
there are a number of cell groups which show responses
to eye movements (Figure 7). These nuclei are: (1) the
nucleus inter stitialis of Cajal, (2) parts of the medial
reticular formation, (3) the nucleus of Darkschwitsch
,
(4) the nucleus of the posterior commissure. Of these
nuclei, only the nucleus inter stitialis of Cajal projects
directly to the oculomotor nuclei; however, all of these
regions have common electrophysiological properties.
Cells in these nuclei have three types of responses
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related to eye movements: burst-tonic, irregular-burst-
tonic, and medium, lead-burst. Burst-tonic cells are
direction sensitive and firing during saccadic eye move-
ments. Although irregular burst-tonic cells fire during
eye fixation, medium lead-burst neurons fire before eye
movements (King et al., 1981). Bilateral stimulation of
the nucleus interstitialis of Cajal results in vertical
eye movements and monosynaptic potentials in the trochlear
nuclei. The nucleus of the posterior commissure receives
afferents from the pretectum and projects to the Edinger-
Westphal nucleus. This system controls pupillary light
responses and may be activated by a number of diverse
stimuli including emotional states, and strong stimulation
of the skin. These responses are believed to be mediated
by hypothalamic and spinal input to the tectum. Cells in
the mesencephalic reticular formation project to the medial
pontine nuclei via the central tegmental bundle, making
bilateral excitatory connections within the pontine
nuclei
.
By far, the most important of the interneural struc-
tures of the oculomotor nucleus is the interstitialis of
Cajal. The afferents to this nucleus include: (1) the
vestibular nuclei, (2) the median pontine reticular
formation, (3) the superior colliculus, (4) the frontal
eye field of the cortex, (5) the per ihypoglossal region.
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Efferents from the nucleus interstitialis reach the oculo-
motor nuclei, vestibular nuclei and motor neurons of the
cervical spinal cord, the inferior olivary nucleus, the
nucleus prepositus, hypoglossal and the contralateral
interstitial nucleus (Pompeiano and Wallberg, 1958;
Schwindt et al., 1974; Fukushima et al., 1978).
Pontine interneurons
The original notion of the reticular formation as a
diffuse nonspecific region has evolved over the last
decades into a view of the reticular formation as a
highly specific system governing the output of the motor
system (Keller, 1974). The pontine nuclei surrounding the
abducens nucleus is no exception to this rule. The pons
may be divided into dorsal and ventral cell groups
(Figure 7) . The dorsal cell groups are known collectively
as the "pontine tegmentum." The ventral nuclei form part
of a two-synapse relay between the neocortex and the
cerebellum. These ventral nuclei are inter d ig i tated
between the fiber of the cor tico-spinal tract and give
rise to the middle cerebellar peduncle. The middle
cerebellar peduncle also contains some fibers from the
pontine tegmentum. The dorsal region is bounded medially
by the raphe nucleus and laterally by the lateral
leminscus, superior olivary nucleus, trapezoid body and
trigeminal motor nucleus. Three reticular nuclei are
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found at this level: a nucleus reticularis caudalis,
oralis and g igantocellular is . The central gray contains
a reticular paramedian nucleus, a nucleus of the median
eminence and the abducens nucleus. Afferents to this
area include the central tegmental tract composed of
afferents from the midbrain tegmentum, the tectobulbar
pathway, the medial longitudinal fasciculus and cere-
bellar nuclei. Physiological recordings from all of the
reticular nuclei, paramedian, reticularis oralis,
caudalis and gigantocellular is
,
have indicated that these
nuclei collectively form two functional columns. The
medial column has cells which represent the premotor pools
of the oculomotor system, while the lateral column has a
somato-topic map of the body surface and contains reticulo-
spinal neurons (see Peterson, 1980, for review). These
medial and lateral columns within the pontine tegmentum
represent the somato-motor and viscero-motor areas of
mammals (see page 8 of this dissertation).
Lesions of the pontine reticular formation were
found to produce paralysis of horizontal eye movements
(Goebels et al., 1971). There are four types of electro-
physiological responses found within these pontine cell
groups which relate to eye movements: (1) burst cells,
(2) burst tonic cells related to saccadic eye movements,
(3) tonic firing cells whose responses relate to eye
26
position, and (4) pause cells responded only when the eye
is fixed (Luschei and Fuchs, 1972). The saccadic burst
cells could be further divided into two sub-populations
based on their latency of firing in relation to the
initiation of eye movements. By this criterion, long-
lead burst cells were found to fire 20m/secs. before
saccades and medium lead-burst cells to fire 12m/secs.
before saccadic eye movements.
A number of investigators have indicated that these
different cell types have a distinctive distribution with-
in the reticular formation. Excitatory burst cells were
found in the anterior region with inhibitory burst cells
located more in the caudal area. The excitatory burst
cells project to the ipsilateral abducens nucleus, while
the inhibitory burst cells project to the contralateral
abducens. "Pause" cells were found between these two
groups. Cells in the medial portion of the pontine
reticular formation had bilateral receptive fields which
were omnidirectional. The more lateral cell groups had
direction-sensitive, simple on-saccade responses. The
most recent model of the synaptic organization of the
pontine nuclei considers the pause cells as inhibitory,
controlling the firing of both the excitatory and in-
hibitory burst cells.
The coding of eye movements within these pontine
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nuclei is extremely precise such that the direction and
amplitude of single eye movements can be predicted by
the spike frequency changes occurring in individual cells
(Henn and Cohen, 1976). One of the necessary requirements
for vestibular-ocular integration is that signals related
to the angular velocity of the head be transcribed into
information related to the angular position of the head.
Recordings from the pontine reticular formation have
indicated that these cells code information based on
position and not velocity. These burst type VOR cells
have not only the proper connections to perform this
function, but also have receptive field properties similar
to those of the motor neurons themselves (Fukushima et al.,
1977) .
In cat, the nuclei oralis, caudalis, and giganto-
cellularis were all found to project to n.III via the
medial longitudinal fasciculus. Additional projections
were discovered from the nucleus g igantocellular is and
caudalis to the medial vestibular nucleus (Remmel et al.,
1977) .
The cerebellum
Within the cerebellar cortex, two regions are known
to be related to oculomotor functions. These areas are
the flocculus lobe and lobes VI and VII of the vermis
(Figure 8). Electrical stimulation of the flocculus
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results in the abduction of the ipsilateral eye as well as
downward movement of the eye, or eye rotation depending on
the area stimulated (Ito, 1977) . Electrical stimulation
of the vermis produces horizontal saccadic eye movements
(Ron and Robinson, 1973).
The flocculus lobe receives direct input from the
vestibular component of the VIII nerve. Ito (1977)
describes the flocculus as containing a number of sub-
divisions, each of which is responsible for one of the
vestibular ocular reflexes. Flocculus Purkinje cells have
three types of electrophysiological responses: (1) long-
lead burst, (2) burst, and (3) burst-tonic. Eye fixation
results in tonic firing of Purkinje cells. It has been
proposed that the flocculus lobe provides the oculomotor
system with eye position information related to eye fix-
ation as well as velocity data during smooth pursuit eye
movements (Noda and Suzuki, 1979a, b,c).
The lobes of the vermis receive afferents from the
tactile, auditory and visual systems, each of which is
contained in its own nonoverlapping area (Snider and
Stowell, 1944). Kase et al. (1979) have shown that the
cells in the vermis provide the oculomotor system with tar-
get velocity data formed by the summation of the image.
Visual afferents to the flocculus include both
mossy and climbing fibers. The mossy fiber input
originates in the medial terminal nucleus of the accessory
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optic system, while the climbing fiber input arises from
the inferior olivary nucleus which receives pretectal
afferents (Maekawa and Simpson, 1973). The vermis also
receives afferents from the inferior olivary nucleus as
well as afferents from the pontine visual area which have
input from both the extrastriate cortex and the superior
colliculus
.
The majority of the output of the cerebellar cortex
comes from the cerebellar nuclei. Within these nuclei
three types of responses have been recorded which relate to
eye movements: (1) short-lead bursts, (2) complex bursts
(firing during acceleration and deceleration), and
(3) tonic-burst neurons which fire during rapid eye move-
ments, slow eye movements and fixation in different com-
binations. All of these cells fire after the pontine
neurons have been activated. This delay in cerebellar
nuclei activity has led Hepp et al. (1982) to suggest that
cerebellar neurons do not initiate eye movements but
rather control their duration of firing. This viewpoint
is consistent with the results of cerebellar lesion
studies which produce nystagmus, dysmetria of conjugated
eye movements, overshot, flutter-like oscillations and
continuous microsaccades around a fixation point (Bunde,
1974). In mammals, cerebellar efferents reach the spinal
cord, the red nucleus of the mesencephalon, the ventral
thalamus, the vestibular nuclei, and a small pathway does
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exist to the contralateral pontine oculomotor area from
the deep cerebellar nuclei. The cer ebello-pontine pathway
terminates within the dorsal pontine nuclei as a series of
small patches of arbors across this region.
Visual afferents
In mammals, there are four circuits which collec-
tively represent the visual afferents to the oculomotor
system. All of these pathways involve subcortical visual
areas. The main distinction between these circuits is
that two are related to cortical structures and the other
two involve the cerebellum. We have already reviewed the
organization of visual afferents to the cerebellum which
originated from the accessory optic system, the pretectum
and the pontine nuclei. These projections terminate in
the flocculus and vermal lobes of the cerebellum. The
two cortical circuits related to eye movements originate in
the extrastriate visual cortex (area 18 ) and the frontal
eye field. Within the most ventral portion of the dorsal
pontine nuclei there are two structures referred to as the
medial and lateral pontine nuclei or collectively as the
pontine visual areas. These structures receive afferents
from both area 18 of the extrastriate cortex and from the
superior colliculus. These projections overlap in some
species of mammals and are distinct from one another in
others. In general, the extrastriate projection is to the
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more medial area and the projection from the superior
colliculus is to the lateral area. The projection to the
pons from the extrastriate cortex is from the pyramidal
cells of layer V; however, the responses of the pontine
neurons receiving these afferents are very different from
those found in the striate cortex. Cells in area 18 have
small receiptive fields and respond to the orientation of
stimuli but do not often respond to the direction of move-
ment. By comparison, the pontine neurons are direction
sensitive, have large receptive fields and only weakly
respond to the orientation of stimuli. The cells of the
dorsal lateral pontine nuclei which receive afferents
from the deep layers of the superior colliculus are
direction sensitive with large receptive fields and respond
to the size of stimuli. Overall these pontine cells have
similar properties to those found in cells of the super-
ficial layers of the superior colliculus (see Glickstein
and May, 1982, for a review). The medial pontine visual
area projects to the contralateral cerebellum while the
lateral area projects to the ipsilateral cerebellum.
The second neocortical circuit is directly related
to the control of eye movements. This pathway involves
area 7 of the cortex and the frontal eye field. Area 7
does not receive direct visual afferents but is rather part
of a circuit involving the superior colliculus and
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pulvinar nucleus of the thalamus. In the superior col-
liculus, cells in the superficial layers have been shown to
have enhanced responses just before the onset of eye
movements (Wurtz and Mohler
, 1976). In the deep layers of
the colliculus cells discharge before saccadic eye move-
ments and code information on the direction and amplitude
of the saccades (Shiller and Koerner
,
1971). These cells
then project not only to the dorsal pons but also to the
pulvinar which has its own direct visual input. In the
pulvinar visually activated neurons also show enhanced
responses during pursuit eye movements (Key and Robinson,
1979). The pulvinar projects to area 7 of the neocortex.
Within area 7 there are three types of cells related to
eye movements (Robinson et al., 1978). Saccade-neur ons
discharge prior to visually guided saccadic eye movements.
Visual fixation neurons fire tonically when the gaze is
fixed. Tracking neurons fire during eye movements and
are direction sensitive. The high levels of activity in
area 7 during eye movements differ from events in area 17,
the striate cortex. In the striate cortex, 76% of the
neurons were inhibited during eye movements (Duffy and
Burchfield, 1975). Also, striate neurons are not easily
driven by stimuli moving at saccadic speeds such that
their responses are masked by responses which occur before
and after the saccade (Judge et al., 1980). The effect of
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this masking is presumably to eliminate the perception of
image blurring which occurs during eye movements.
Area 7 projects to the cortical frontal eye field.
In the frontal eye field neurons have large receptive
fields whose responses are strongly enhanced during and
after a saccade (Goldberg and Wurtz, 1973). The projections
of the frontal eye field reach a number of structures known
to be involved in visuo-ocular integration including the
superior colliculus, pretectum and interstitial nucleus
of the Cajal. While area 7 has been shown to be involved
in visuo-ocular integration, it is not the command center
for these behaviors (Robinson and Goldberg, 1978). Lesions
of either the frontal eye field or the superior colliculus
produce a temporary loss of saccadic eye movements; how-
ever
,
the total loss of control of these eye movements
occurs after both structures are ablated (Schiller et
al.
,
1979)
.
One of the frontal eye field projections is to the
nucleus of the optic tract in the pretectum. This struc-
ture has been increasingly implicated in the control of
horizontal eye movements during OKN. The nucleus of the
optic tract receives afferents from the central portion
of the retina (Ballis and Hoffman, 1982) as well as from
the accessory optic system (Blanks and Giolli, 1983).
Single unit recordings from the pretectal area indicate
the existence of wide-field units often covering the entire
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contralateral visual field (Kadoya, 1971). All of these
cells had tonic "On" responses and were responsive to move-
ment in the posterior to anterior direction (Hoffman et al.,
1976). As discussed earlier, the pretectum and accessory
optic are involved in supplying visual input to the cere-
bellar cortex.
In mammals, the initiation and the control of the
duration of eye movements is a function of the neocortex
and cerebellum; however, these structures are dependent on
the subcortical visual areas. The superior colliculus is
particularly important supplying visual afferents to the
cortex via the pulvinar nucleus and to the cerebellum via
the dorsal lateral pontine nucleus. The pretectum also
acts as a relay between the cortex and cerebellum, re-
ceiving afferents from the frontal eye field and projecting
to the cerebellum via the inferior olivary nucleus. The
accessory optic system does not appear to receive cortical
input but does project to both the pretectum and cere-
bellum. As lesions of the cortex and cerebellum do not
abolish visually guided eye movements permanently, these
two systems can be viewed as additions to an already
functional subcortical circuitary (Figure 9)
.
The vestibulo-ocular response and vestibular nuclei .
There are two broad classes of vestibular reflexes:
static reflexes in response to the position of the head
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and phasic reflexes resulting from the acceleration which
occurs during movement of the head. The vestibulo-ocular
responses consist of eight reflexes, each of which relates
to a semicircular canal and axis of movement. These
reflexes are the result of a disynaptic linkage between
the cells of the superior vestibular ganglion and the
oculomotor neurons. Stimulation of each of the semi-
circular canals produces compensatory eye movements in
which the muscles are yoked in antagonistic pairs as a
result of excitatory and inhibitory input from the
vestibular nuclei. While stimulation of each of the canals
produces pure reciprocal eye movements (Uchino et al.,
1978) , stimulation of the labyrinth can result in
vomiting, vasomotor reactions, facial pallor, perspiration
and nausea. These responses are believed to be controlled
by the medial vestibular nucleus and its projection in the
medial longitudinal fasciculus.
There are four vestibular nuclei (Figure 8):
superior, medial lateral and inferior or descending. The
superior vestibular nucleus is the most rostral of the
four nuclei. It consists of small cells and has ex-
clusively ascending projections. The majority of the cells
in this nucleus project via the medial longitudinal
fasciculus while others enter the ascending tract of
Deithers. These projections terminate bilaterally in the
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oculomotor nucleus and the trochlear nucleus receives a
ipsilateral projection. Other fibers from the superior
nucleus project to the nucleus of the medial longitudinal
fasciculus and the ipsilateral abducens nucleus. The
medial nucleus consists of small cells which project to
all of the contralateral oculomotor nuclei as well as
the ipsilateral abducens. All of the fibers of the
medial nucleus project via the medial longitudinal
fasciculus. These projections include efferents to the
contralateral spinal cord. While all of the vestibular
nuclei receive afferents from the cerebellar nuclei,
only the medial nucleus receives a projection from the
nucleus of the medial longitudinal fasciculus. The
lateral nucleus consists of giant neurons whose axons
form a separate vestibulo-spinal pathway. The lateral
nucleus also has projections to the oculomotor nuclei
which match those of the medial nucleus. The descending
vestibular nucleus provides secondary vestibular to the
cerebellum (see Brodal et al., 1962, for a review of
these connections)
.
Summary
In this section the anatomy and electrophysiology
of the mammalian oculomotor system have been reviewed.
Responses of oculomotor neurons consist of a series of
burst-like discharges. The activity of the oculomotor
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neurons is modulated by populations of interneurons
,
dorsal
pontine tegmentum, and the mesencephalic tegmentum. These
cells code position information and control the oculomotor
neurons with combinations of tonic and irregular burst
firing. The activity within these pools of interneurons
precedes oculomotor neuron firing with different latencies
producing short, medium and long lead cell types. A
population of neurons in the pontine tegmentum called the
"pause" cells appear to control the activity of the burst
neurons
.
Two areas of the cerebellum, the vermis and flocculus,
appear to control the duration of eye movements as well as
fine-tuning the response. In order to perform this
function the cerebellum receives afferents from the spinal
cord, the vestibular nerve and nuclei. Visual afferents
also arise from the accessory optic system, the pontine
visual areas, and the pretectum via the inferior olivary
nucleus. In mammals, visually guided eye movements are
primarily the function of two neocortical circuits; how-
ever, like the cerebellum, these areas rely heavily on
subcortical visual areas. One neocortical circuit involves
area 7 and its projection to the frontal eye field. These
areas have cells which fire during visual tracking,
fixation and saccadic eye movements. Ablation of the
frontal eye field results in the temporary loss of saccadic
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eye movements. The visual afferents to area 7 arise from
the pulvinar nucleus of the thalamus and the frontal eye
field projects to another subcortical visual area— the
nucleus of the optic tract. The second portion of the
neocortical control of eye movements is related to pro-
jection of area 18 to the pontine visual areas. In this
projection, cortical information coded in terms of the
orientation of stimuli with small receptive fields is
transformed by the pontine cells into wide-f ield, direction-
sensitive responses. Wide-field, direction-sensitive
visual units seem to be the fundamental coinage of the
visuomotor interface. These types of units can be found
in a number of subcortical visual areas known to be
related to eye movements including the accessory optic
nuclei, the pretectal nuclei, the pulvinar and the pontine
visual area.
The electrophysiolog ical data from the mammalian
oculomotor and related systems indicate that the position
of the eye is recorded in both the neocortex and the cere-
bellum. The visual system conveys to the oculomotor system
information coded in terms of the direction of movement
of objects within the visual field as well as whole-field
movements. The vestibular nuclei code information relates
to the velocity and the direction of movements of the head.
These inputs are then combined by interneurons (if not by
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the oculomotor neuron itself) ultimately producing com-
pensatory eye movements. These results can be summarized
by a quote from Keller's study of the pontine inter neurons
.
Although it is well-accepted that at more central
levels there is a neurological separation of the
oculomotor system into saccadic, pursuit, vergence
and vestibular portions, oculomotor neuron studies
have shown that at the level of the final common
path these separate inputs are represented in each
motoneuron (1974, p. 330).
In the mammalian oculomotor system, large portions of
the cerebral cortex and cerebellum are related to the con-
trol of eye movements. In the following sections the
anatomical basis for the control of eye movements will be
described in anurans which lack a neocortex and have the
smallest cerebellar cortex of extant tetrapods. Finally,
the anuran and mammalian oculomotor systems will be com-
pared in hopes of finding the phylogenetic trends in the
development of this system.
CHAPTER I I
METHODS
The results reported in this dissertation represent
a synthesis of the data from 141 Rana pipien brains
examined with the horseradish peroxidase (HRP) method.
These brains are in the collection of Dr. K. V. Fite and
were compiled over a period of five years. This collec-
tion consists of a number of series each related to a
particular part of the nervous system. The injections of
HRP were performed by Dr. Fite, Dr. A. Grigonis and myself
depending on the series in question. Dr. Fite performed
the majority of the injections which were focused on the
visual nuclei of the thalamus and mesencephalon. The
areas injected included: 20 cases in which the optic
nerve was cut and the proximal end soaked with HRP,
24 cases in which the pretectal and the tectal regions
were injected, 8 cases in which the anterior thalamus was
injected and 46 cases in which the ventral mesencephalon
was injected. Dr. Grigonis' work focused on the organi-
zation of the pretectum and resulted in 23 injections
within the pretectal region. My own studies were concerned
with the organization of the brainstem and spinal pathways
and included 8 injections of HRP into the cerebellum,
6 injections of the ventral brainstem, 2 injections of the
ventral mesencephalon, 1 injection of the vestibular
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nucleus, 1 injection of the nucleus of the cerebellum and
2 injections of the spinal cord.
Animals were anesthetized by immersion in tricaine
(1:1,000) prior to surgery and the skulls removed with a
dental burr either dorsally or ventrally (roof of buccal
cavity) depending upon the specific brain region to be
injected. Pressure injections of 30% HRP (Sigma Type VI
in distilled water) in quantities of 0.05-0.3yl were
delivered with a glass micropipette (tip diameter 60-70ym)
and a lyl Hamilton syringe attached to a stereotaxis and
microdrive assembly. Postin jection survival times of
3-5 days were allowed for both retrograde and anterograde
transport of HRP, following which, the animals were anesthe-
tized and perfused tr anscardially with 30cc of 6.5% saline
followed by 40-60cc of 1.25% gluter aldehyde and 1% para-
formaldehyde in 0 . 1M phosphate buffer (pH 7.2). The brain
was immediately removed and postfixed for 2-3 hours, then
transferred to 30% sucrose buffer overnight at 0-4°C.
Brains were embedded in 20% gelatin and cut on a freezing
microtome at 40ym. Serial sections were retained and
reacted individually for HRP reaction product. Sections
were mounted on slides and lightly counter sta ined with
cresyl violet. In several cases, the optic nerve was
transected immediately behind the eye, and the proximal end
embedded in HRP-satur ated (40%) gelfoam for a minimum of
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3 days to allow anterograde transport of HRP to primary
retinal terminal fields. In several other cases, the
optic nerve was only partially transected and soaked with
HRP in order to reveal the configuration of individual
axonal terminals.
In addition, 30 Rana pipiens were processed accord-
ing to the Golgi-Kopsh method using the modification
described by Hillman (1978). Animals were anesthetized
by immersion in tricaine (1:500) and perfused trans-
cardially with 30cc of 6.5% saline followed by 40-60cc of
1.25% gluter aldehyde and 1.5% potassium dichromate in dis-
tilled water. Brains were removed and placed in perfusate
for one week followed by 3 to 5 days in a .75% solution of
AgN03 in distilled water. The brains were then dehydrated,
embedded in low viscosity nitrocellulose and cut at
40 to 80ym.
It should be noted here that there are certain
problems in the interpretation of neural connectivity based
on HRP injections into the central nervous system. Beyond
the methodological consideration related to survival time
and tissue processing (see Mesulam, 1982, for review),
the very affinity of HRP for nerve cells can lead to serious
errors in data analysis. HRP can be transported in both
an anterograde and retrograde fashion by both axons and
dendrites. Additionally, fibers of passage may also
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transport HRP from an injection site. Thus, the fact that
cells may be filled with HRP following an injection in a
particular locus does prove that those cells have synaptic
contacts within the area of the injection site. Further,
the fact that bundles of axons may be found leaving an
injection site does not mean that those axons originated
from cells within the injection site. For these reasons,
all connections based on HRP injections must be verified
using both anterograde and retrograde methods. Secondly,
neurons may fail to transport HRP following its injection
into a cell group. Negative findings based on single
injections of HRP cannot be considered definitive.
CHAPTER III
RESULTS
Overview
To describe systematically the organization of the
anuran oculomotor areas we must first have detailed
information on the sources of afferents to these
regions. Eye movements result from the integration of
position, vestibular and visual sensory information.
To understand how these various afferents come to affect
the activation of a oculomotor neuron the projections of
the spinal cord, the Vlllth nerve (vestibular component)
and the optic nerve will each be described in a separate
section of the results. Within each cell group post-
synaptic to these afferents, an attempt will be made to
find meaningful subdivisions based on the distribution of
afferents and efferents as well as the cytology of these
cell regions.
The first section will deal with those spinal
efferents projecting beyond the "dorsal column" nuclei.
The second section will describe the inputs, outputs and
structure of the anuran vestibular nucleus. In the third
and fourth sections the organization of the nucleus of the
cerebellum and the nucleus reticularis tegmenti will be
described. Based on their connections these nuclei appear
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to be involved in the position sense. The fifth section
will describe the visual nuclei of the frog brain. With-
in each section of the results emphasis will be placed on
the efferents which reach the oculomotor areas of the
brainstem and mesencephalon. The final two sections will
integrate the data from the previous sections with a
detailed account of the lamination of afferents, cytology
and dendritic geometry of the oculomotor neurons and their
surrounding cell groups. At the beginning of some sections
a short background paragraph has been added reviewing pre-
vious studies of these systems and their results.
Spinal Afferents
Background
The spino-thalamic pathways common to reptiles,
birds and mammals do not exist in anurans (Nieuwenhuys and
Opdam, 1976) . In anurans the projections from the spinal
cord consist of two sets of pathways. The dorso-medial
tracts of the cord project to the obex region of the
medulla which is believed to be homologous to the
reticular portion of the dorsal column nuclei of mammals
(Neary and Wilczynski, 1977). From the obex region,
projections have been found to the ventral thalamus and
from this region, a projection arises to the ventral
forebrain (Wilczynski and Northcutt, 1983). This part of
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the ventral pallium is believed to represent the primordium
of the striatum. These somatosensory pathways do not appear
to be involved in the basic circuitry underlying eye move-
ments and their organization will not be described in
detail. The spinal efferent pathways ascending beyond the
obex region have been described experimentally using de-
generation techniques (Ebbesson, 1969). In this following
section of the results this study has been replicated by
unilateral injections of HRP into the cervical spinal cord.
Results
The spinal tracts ascending beyond the obex region
originate from the dor so-lateral tracts of the cord. These
bundles travel through the somatosensory neuropil of the
brainstem. Analysis of the terminations of these tracts
indicates that they include the spinovestibular pathway,
the spinocerebellar pathway, the spinobulbar tract and the
spinotectal pathway (Figure 9) . These bundles occupy the
entire somatosensory neuropil of the brainstem and are
primarily ipsilateral. Terminals could be seen along the
entire somatosensory column of the brainstem including
both the neuropil and central gray. These connections
represent the spinobulbar pathways.
At the level of the vestibular nuclei a bundle of
fibers leaves the somatosensory neuropil to enter the
lateral vestibular neuropil. These fibers penetrate the
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fascicles of the VUIth nerve leaving terminals along the
outer margins of the neuropil. This bundle continues into
the cerebellum where it becomes the dorsal spinocerebellar
pathway
.
The cerebellum of the frog consists of three dis-
tinct areas; a lateral auricula lobe, a central corpus
cerebelli and a single nucleus of the cerebellum. Spinal
afferents reach all of these areas via dorsal and ventral
spinocerebellar pathways. Spinal afferents first enter
the nucleus of the cerebellum where many terminate. Other
fibers of these pathways continue into the granular layer
of the corpus cerebelli where they end as mossy fibers.
These afferents penetrate to midline to terminate along
the margins of the contralateral lobe. The auricula lobe
receives only climbing fiber afferents.
Upon reaching the mesencephalon, the ipsilateral
spinotectal pathway ascends into the caudal tectum along
with the trigeminal sensory tract. The spinotectal tract
first enters an area of neuropil above the torus semi-
circularis within the ventro-later al or subtectal region.
From this region, fibers of the spinotectal pathway branch
widely within the caudal and middle levels of the deep
tectal layers. No spinotectal fibers have been found in
the anterior tectum. The deep layer of the anterior
tectum contains the large cells of the tr igemino-sensor
y
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nucleus. These distinctions between the distribution of
the trigeminal and spinal afferents to the tectum appear to
create a somatotopic map of the body surface within the
deep tectal layers.
Summary
Four projections were found to convey spinal effer-
ents to brain regions beyond the obex region. These path-
ways include the spinobulbar
,
spinovestibular
,
spino-
cerebellar and spinotectal pathways. Some or all of these
pathways may be involved in position sensibility. An
additional finding of a division between trigeminal and
spinal inputs to the deep tectal layers may indicate
somatotopic organization within this region.
The Ventral Vestibular Nucleus
Background
The vestibular area of the anuran brain stretches
from the obex to the cerebellum. Dorsal to this area is
the acoustic nucleus of the VUIth nerve. For this reason,
the vestibular component has been termed the ventral
vestibular nucleus (Nieuwenhuys and Opdam, 1976). This
nucleus is described as a large-celled area from which
the vestibulospinal tract originates.
I . Cytology
When seen in coronal sections, three distinct areas
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can be defined within the ventral vestibular nucleus
(Figure 10) . The most lateral portion of the nucleus con-
sists of a neuropil in which the primary vestibular
afferents terminate. The center of the nucleus is composed
of clusters of large cells 20ym in diameter. The most
medial portion of the nucleus is composed of small cells
8ym in diameter which make up a diffuse central gray
(Figure 10)
.
II. Afferents
To determine the internal organization of this
nucleus a number of HRP injections were made in the
rostral spinal cord, the ventral mesencephalon, the cere-
bellum and the vestibular nucleus itself. HRP injections
in the ventral vestibular nucleus did not result in retro-
grade labelling of cells in the contralateral vestibular
nucleus. These injections did, however, result in the
anterograde transport of HRP from cells within the
vestibular nucleus to the contralateral side of the brain.
These fibers form beaded terminals around the somata of
the large cells in the nucleus. The spinovestibular
pathway terminates along the outer margin of the neuropil
while the cerebellovestibular fibers end in the middle
portions of the neuropil. There they form sheets of
terminals along the r ostro-caudal axis of the neuropil
interdigitated between the fascicles of the entering
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VUIth nerve. These cerebellovestibular fibers arise from
the Pur kin je cells of the ipsilateral corpus cerebelli.
HRP injections in the vestibular nucleus have resulted in
the backfilling of cells in the nucleus of the medial
longitudinal fasciculus; however, the distribution of these
afferents within the vestibular nucleus has not been
determined following HRP injections of the ventral mesen-
cephalon .
III. Efferents
The efferents of the vestibular nucleus reach all of
the oculomotor nuclei (n.III, n.IV, n.VI) as well as asso-
ciated areas of the central gray and spinal cord. HRP
injections of the ventral mesencephalon and spinal cord
indicate that different populations of cells within the
vestibular nucleus comprise the ascending and descending
pathways to these structures.
Two vestibular projections reach the spinal cord.
The ipsilateral vestibulospinal tract arises mainly from
the large cells' central portion of the nucleus (Figure 11)
.
A second bilateral projection originates from both the
large and small cells of the nucleus. These fibers enter
the medial longitudinal fasciculus around the abducens
nucleus and descend to the cord. Following a large
injection of HRP into the ipsilateral cervical spinal cord,
a number of cells in the vestibular nucleus were
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retrogradely labelled. In this case, the labelled cells
were counted and their distribution recorded. While these
cell counts do not represent the absolute number of neurons
projecting to the spinal cord, they do allow an estimate of
the proportions and distribution of these cells. Of the
large cells, 280 were labelled on the ipsilateral side of
the brain while on the contralateral side, only 58 were
backfilled. The small cells of the central gray had a more
balanced projection with 31 cells labelled on the ipsi-
lateral side and 30 on the contralateral side of the
brain. Both the large and small cells were found mainly
within the central portion of the vestibular nucleus.
Following HRP injections in the ventral mesen-
cephalon at the level of the trochlear nucleus, a different
pattern of projections from the vestibular nucleus became
apparent. Ipsilateral to the injection site a large
cluster of cells were retrogradely labelled with HRP. In
one particularly good case, 116 small cells and 34 large
cells were backfilled (Figure 12) . At the middle levels of
the nucleus there were a number of large cells labelled on
the contralateral side of the brain, but a count of these
cells could not be performed due to the loss of histo-
logical sections.
HRP injections in the corpus cerebelli resulted in
yet another distribution of cells labelled in the
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vestibular nucleus. Following these injections, cells were
labelled only in the caudal portion of the nucleus, and
only the small cells participate in this projection
(Figure 12)
.
The projection of the vestibular nucleus to the
abducens oculomotor nucleus is primarily ipsilateral.
Fibers from the vestibular nucleus project to both the
neuropil and central gray surrounding the abducens. One
bundle of fibers descends to the medial longitudinal
fasciculus through the central gray. These vestibular
fibers also create a meshwork of terminal within the
central gray itself (Figure 10). Other fibers of this
tract terminate bilaterally near the abducens nucleus. A
second bundle of vestibular fibers sweeps across the neu-
ropil to the contralateral vestibular nucleus. As this
tract passes through the oculomotor neuropil it leaves
several layers of terminals. The contralateral neuropil
contains only a single laminae of terminals about midway
through the white matter. The ipsilateral neuropil con-
tains a number of layers of vestibular terminals from the
margins of the central gray to the center of the neuropil.
Fibers from the vestibular nucleus reach the mesen-
cephalon via the medial longitudinal fasciculus. Following
HRP injections in the vestibular nucleus, terminals can be
seen along the margins of this tract across the entire
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distance from the abducens nucleus to the trochlear nucleus.
In the ventral mesencephalon, terminals are found bilaterally
in the central gray of the nucleus of the medial longi-
tudinal fasciculus and around the somata of the oculomotor
neurons of n.III and n.IV. This projection is densest
around oculomotor nuclei with few fibers in the dorsal
portions of the nucleus of the medial longitudinal
fasciculus (Figure 17)
.
The distribution of fibers within the neuropil of the
mesencephalic oculomotor area following HRP injections into
vestibular nucleus differed from the distribution of fibers
seen after spinal cord injection. With injections of the
vestibular nucleus, terminals occur from the middle of the
neuropil to the central gray. Injections of the spinal
cord result in axonal terminals from the base of the basal
optic nucleus to the central gray. These results indicate
an ascending projection from the spinal cord to the mesen-
cephalic oculomotor area.
Summary
These results taken as a whole indicate that the
ventral vestibular nucleus of anurans (Nieuwenhuys and
Opdam, 1976) is not a single structure. Cell groups in
different parts of the nucleus are both morphologically
different and have differing projections.
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The Nucleus of the Cerebellum
Cytology
The nucleus of the cerebellum is a spherical cluster
of small cells continuous with both the vestibular nuclei
and the granular layer of the cerebellum. This nucleus is
300ym in diameter and contains cells ranging from 6 to
8ym. To chart the projections of this nucleus, HRP in-
jections were made in the nucleus itself as well as in the
corpus cerebelli, the ventral mesencephalon and the ventral
brainstem. Only two afferent pathways were found to reach
the nucleus of the cerebellum. The first of these pro-
jections has already been described and originates in the
spinal cord. The second afferent projection comes from the
Purkinje cells of the ipsilateral corpus cerebelli.
Efferents
Following a HRP injection restricted to the nucleus
of the cerebellum, projections were found to (1) the ven-
tral thalamus, (2) the ventral mesencephalon, and (3) the
ventral brainstem (Figure 13) . The most caudal extent of
the projection is to the raphe nucleus in the medulla.
At the level of the abducens nucleus, fibers from the
nucleus of the cerebellum form a band of terminals across
the margins of the central gray. This band of terminals
stretches across the entire somato-motor and viscero-motor
55
portions of the brainstem including both the abducens nu-
cleus and the tr igemino-motor nucleus (Figure 14) . This
layer of terminations was 240ym thick with the heaviest
projection within the first 120um of the central gray.
This projection was more extensive on the ipsilateral side
of the brain. On both sides of the brainstem this pro-
jection was patchy, and when the distribution of these
patches was compared, the distribution of fibers on the
contralateral side of the brain matched the areas without
terminals on the ipsilateral side of the brain.
The ascending projections of the nucleus of the
cerebellum are unevenly distributed. The ipsilateral
bundle travels along the margins of the torus semi-
circularis (inferior colliculus of mammals). Terminals
can be seen among the large neurons within the dorsal
portions of the nucleus reticularis tegmenti. This ipsi-
lateral projection continues into the ventral thalamus
where it terminates in the endopeduncular nucleus. The
contralateral bundle terminates heavily among the cells
in the ventral portion of the nucleus reticularis teg-
menti and does not enter the thalamus (Figure 13).
Fibers from the nucleus of the cerebellum terminate
bilaterally within the neuropil adjacent to all of the
oculomotor nucleus (n.III, n.IV, and n.VI). Following
one injection of HRP into the ventral mesencephalon at
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the level of n.IV, 205 cells were backfilled in the contra-
lateral nucleus of the cerebellum and only 30 cells were
labelled on the ipsilateral side (Figure 14)
.
Summary
The nucleus of the cerebellum has a uniform cytology
and receives afferents from the spinal cord and cere-
bellum. Based on the response characteristics of cere-
bellar neurons of anurans (Llinas, 1976), the efferents
of the nucleus of the cerebellum most likely represent the
route by which position information reaches the oculomotor
nuclei. The efferents of the nucleus of the cerebellum
include the ventral thalamus, the ventral mesencephalon
and the ventral brainstem.
The Nucleus Reticularis Tegmenti
The nucleus reticularis tegmenti consists of a
diffuse region of large cells within the neuropil lateral
to the torus semicircular is . This area is part of the
somatosensory portions of the torus (Potter, 1965), and
receives afferents from the nucleus of the cerebellum and
the obex or dorsal column nuclei. As we have seen, this
area also receives afferents from the nucleus of the
cerebellum with ipsilateral fibers in the dorsal part of
the nucleus and contralateral fibers in the ventral portion
The dorsal and ventral parts of thisof the nucleus.
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structure also have different efferent projections. The
dorsal part of this nucleus projects to the deep layers of
the optic tectum (Montgomery, 1981)
,
while the ventral
cell group projects to the ipsilateral spinal cord. Addi-
tionally, the cells in the ventral part of the nucleus
have dendrites which enter the neuropil lateral to the
trochlear nucleus.
Summary
The nucleus reticularis tegmenti has two divisions,
one of which projects to the spinal cord, while the other
projects to the deep tectum. The more ventral division
sends dendrites into the mesencephalic oculomotor region.
The Vis ual Areas
With regard to the oculomotor system, the cell
groups receiving visual input fall into two highly inter-
connected groups. The first group of structures consists
of those cells which are immediately postsynaptic to
three retinal terminal fields: (1) the corpus geniculatum,
(2) the basal optic nucleus, and, to a lesser extent,
(3) the retinal terminal field--the nucleus Bellonci.
The anterior thalamic retinal terminal fields of Bellonci
and geniculatum have their postsynaptic perikarya within
the central gray just medial to the neuropil. These cells
have long, horizontal dendrites which extend into the
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retinal terminal fields (Figure 15) . The cell groups post-
synaptic to the basal optic tract are located within the
basal optic nucleus as well as in the surrounding neuropil
termed "peri-nBOR" (Montgomery et al., 1981). All three of
these cell groups project either to the dendrites or somata
of the oculomotor and trochlear nuclei; for this reason,
they will be termed the anterior visuo-ocular projection
group
.
The second set of visual nuclei are found within the
caudal thalamus and dorsal mesencephalon. These cell
groups are postsynaptic to four retinal terminal fields:
(1) the posterior thalamic nucleus, (2) the large-celled
pretectal nucleus, (3) the optic tectum, and (4) the
uncinate terminal field. The cells postsynaptic to these
retinal projections all have inputs to the neuropil sur-
rounding the abducens nucleus. These areas will be col-
lectively termed the posterior visuo-ocular projection
group . A brief description of these two major retino-
recipient groups follows.
The anterior visuo-ocular projection group
Background . Several cell groups along the central
gray of the anterior thalamus send dendrites into the
retinal terminal fields of Bellonci and geniculatum, each
of which receives an independent map of the retina (Scalia
and Fite, 1976). Cells in the areas known as the lateral
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geniculate nucleus and the nucleus rotundus send their
dendrites into both of the retinal terminal areas. Cells
in the ventrolateral edge of the posterior central thalamic
nucleus are postsynaptic to Bellonci, while cells in the
ventrolateral thalamic nucleus are postsynaptic to
geniculatum (Scalia and Gregory, 1970). A number of pro-
jections originate from these anterior thalamic cell groups,
some of which have been reported previously (Trachtenberg
and Ingle, 1974; Montgomery et al., 1981). These projec-
tions have been found to reach the tectum, pretectum and
ventral mesencephalon including the basal optic nucleus.
Results . Following HRP injections in the optic
tectum, a number of cells were retrogradely labelled in the
ventral portion of the central thalamic nucleus, the super-
ficial and deep parts of the nucleus rotundus as well as
the nucleus geniculatum and the ventrolateral thalamic
nucleus. The most anterior part of this population in-
cludes a few cells within the neuropil of the corpus
geniculatum. All of these thalamic nuclei receive
afferents from the tectothalamic pathway making these
connections reciprocal. The anterior thalamic cells which
project to the pretectum are restricted to the caudal
portions of the nucleus rotundus.
The thalamic projection to the ventral mesencephalon
originates from cells in more anterior portions of the
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thalamus than those projecting to the tectum and pretectum.
These cells are predominantly those postsynaptic to the
neuropil of geniculatum with a few cells postsynaptic to
Bellonci. A second population of cells located in the
ventromedial portion of the anterior thalamus joins this
projection as it descends around the endopeduncular nucleus
to terminate in the mesencephalon. The area surrounding
the endopeduncular nucleus receives a variety of inputs
including a retinoendopeduncular connection and a pro-
jection from the somatosensory obex region of the medulla.
A detailed neuroanatomical description of the nucleus
of the basal optic root has appeared previously (Montgomery
et al., 1981), and only the basic elements of this system
will be described here. The basal optic root (BOR)
originates from large retinal ganglion cells primarily in
the periphery of the retina. A number of small ganglion
cells scattered across the retina also contribute to this
projection. The nucleus of the basal optic root (nBOR) is
located along the superficial margin of the ventral mesen-
cephalon at the level of the oculomotor nucleus (n.III)
(Figure 16). In coronal sections, the nucleus is cup-like
in shape and contains a number of local circuit neurons
as well as two classes of efferent neurons, the gangli-
onic and elongate types. Overlapping the direct retinal
projection to nBOR, there is also second-order visual
input from the anterior thalamus. These thalamic fibers
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occupy the entire superficial neuropil surrounding and in-
cluding nBOR.
Within nBOR, the ganglionic neurons have dendrites
which have similar orientations. These dendrites extend
from nBOR into the tegmental neuropil medial and lateral
to the nucleus are consistently found to extend along the
dorsoventral axis of the brain. As a result of this
organization, the ganglionic neurons receive afferents
from the anterior thalamus along their dendrites and
afferents from the retina near their somata. The gangli-
onic neurons all project to the large-celled pretectal
nucleus. This projection is limited to the superficial
portion of the large-celled nucleus which is an important
component of pretectal circuitry.
Three other classes of cells send their dendrites
into the outer margin of ventral mesencephalic neuropil.
These include: (1) the cells of peri-nBOR, (2) the oculo-
motor neurons of n.III and n.IV as well as the large
reticular cells of the nucleus of the medial longitudinal
fasciculus (nMLF)
,
and (3) the cells of the ventral portion
of the nucleus reticularis tegmenti (Figure 17). Those
cells located midway between the central gray and nBOR
which send dendrites into nBOR have been termed peri-nBOR
(Montgomery et al., 1981). Some of these cells project
to the opposite side of the brain, while others project
to the ipsilateral central gray (nMLF), including n.III
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and n.IV. A number of oculomotor neurons in n.III send
their dendrites directly into nBOR while others enter the
surrounding anterior thalamic terminal area or the nucleus
reticularis tegmenti. The large reticular cells of the
nMLF also send their dendrites into nBOR. Additionally,
a number of cells in the nucleus reticularis tegmenti have
dendrites which arborize through the neuropil in a ventral
direction.
Summary . Visual input to the ventral mesencephalic
neuropil arises from both the retinal ganglion cells com-
posing the basal optic root as well as second-order visual
input from the anterior thalamus. Three cell groups receive
this input including the oculomotor neurons, reticular
cells of the nMLF and cells in peri-nBOR.
The posterior visuo-ocular projection group
The posterior visuo-ocular projection nuclei consist
of the pretectal nuclei and the optic tectum (Figure 17).
All of these areas receive bilateral retinal projections
and give rise to two distinct projections to the brainstem,
the tecto-bulbar and central tegmental (pretectal) bundles.
The tecto-bulbar pathway arises from cells in the deep
layers of the optic tectum and projects to the contra-
lateral medial brainstem neuropil. The central tegmental
pathway is a complex bundle originating from cells either
within or postsynaptic to the retinal projections to the
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pretectal region. This bundle terminates directly lateral
to the tecto-bulbar pathway in the superficial medial
brainstem neuropil.
In anurans, the pretectal region receives three
retinal projections. The most anterior of these is lateral
to the posterior thalamic nucleus which projects to the
deep tectal layers as well as the brainstem. Directly
below the anterior tectal lobe is a cluster of large cells
referred to as the "large-celled" pretectal nucleus. A
detailed account of the neur oanatomical organization of
this nucleus has appeared elsewhere (Grigonis, 1982;
Montgomery et al., in preparation), and only the general
features will be reviewed here. The large-celled pre-
tectal nucleus (nPT) receives afferents from the central
retina (Montgomery et al., 1982). These retinal projec-
tions appear to be laminated such that the contralateral
retina projects heavily to the superficial portions of
the nucleus but only sparsely in the periphery, whereas
the ipsilateral retina projects only to the periphery of
the nucleus. Afferents to this nucleus arise from the
optic tectum, the anterior thalamus, the nucleus of the
posterior thalamus and the nucleus of the basal optic
root. The inputs from the nucleus of the posterior com-
missure and nBOR seem to reflect the lamination of
retinal afferents, such that the inputs from nBOR are
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only in the superficial portion of nPT, and the input from
the nucleus of the posterior commissure terminates only in
the periphery of the nucleus. The superficial portion of
nPT also contains the somata of the large cells of the
nucleus. From this point the apical dendrites of these
cells extend along the dor so-lateral axis of the brain into
the peripheral portions of the nucleus. The basal dendrites
of these cells extend along the dorso-medial axis of the
brain to enter the periphery of nPT. The primary pro-
jection of nPT is to the deep layers of the optic tectum.
This projection appears significant as the tectal input
to nPT comes from the superficial layers of the tectum,
while nPT projects back to the deep layers of the tectum.
These pathways form a feedback loop between the tectum and
pretectum. A small number of cells in nPT enter the cen-
tral tegmental tract to terminate in the brainstem; how-
ever, the larger projection to the brainstem arises from
cells which lie outside nPT in the dorso-medial central
gray.
The uncinate or "hooked" field consists of fibers
from the central retina which terminate along the margins
of the dorsal pretectal gray. The cells postsynaptic to
this field have three projections. Some of these cells
extend to either the ipsilateral or contralateral deep
tectal layers. A second population of fibers enters the
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central tegmental pathway, while a third group enters the
posterior commissure to terminate in the nucleus of
Edinger-Westphal
.
Summary . The posterior visuo-ocular projection
group consists of the pretectum and optic tectum. These
two areas are interconnected through a feedback loop between
the large-celled pretectal nucleus and the tectum. Two
distinct bundles arise from these areas which reach the
oculomotor portion of the brainstem. These bundles are
the tecto-bulbar pathway and the central tegmental (pre-
tectal) bundle.
The Somato-Motor Area of the Mesencephalon
Cytoarchitecture
The mesencephalic somatomotor area consists of two
distinct regions. The first of these regions is in the
anterior mesencephalon which contains the oculomotor
nuclei n.III and n.IV. These two oculomotor nuclei form
a continuous cell column 720)am long extending from the
ventral thalamus to the mid-mesencephalic levels. In the
middle and caudal mesencephalon, a second somatomotor
region extends from n.IV to the abducens nucleus. This
second somatomotor area is also involved in oculomotor
functions since it both receives input from, and projects
into, the medial longitudinal fasciculus. The connections
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of this region will be described below under the heading
"Cell Groups of the Medial Longitudinal Fasciculus." This
section will focus on the area around n.III and n.IV in the
anterior mesencephalon. Portions of these results have
already been reported (Montgomery, 1982)
.
At the level of n.III, the outer margin of the
neuropil contains nBOR. In addition to the ganglionic
and elongate neurons already outlined above, this nucleus
also contains a number of small cells 5/2. 5pm, 7.5pm and
10pm, respectively, in diameter. These cells appear to
represent interneurons and glial elements, since no
efferents have been found from these cells. Golgi stained
material has indicated that these elements are not limited
to nBOR but can be found across the entire margin of the
neuropil (Montgomery et al., 1981). In the middle of the
neuropil there is a layer of cells, 18/6pm in diameter,
whose primary dendrites enter nBOR or the surrounding
neuropil. These cells were collectively termed peri-nBOR
(Montgomery et al., 1981). The basal dendrites of these
cells arborize within the peri-nBOR cell group as well as
towards the central gray. At the level of the trochlear
nucleus, the neuropil contains large reticular cells of
the nucleus reticularis tegmenti. Other large neurons are
scattered along the outer margin of the central gray. At
the anterior levels these cells consist of the oculomotor
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nucleus and the dorsal nucleus of Edinger-Westphal. In
caudal sections, these cells belong to the trochlear
nucleus. Across this entire region there are large
reticular cells of the nucleus of the medial longitudinal
fasciculus. The central gray is composed of small cells
of the nucleus of the medial longitudinal fasciculus.
Lamination of afferent terminals
The outer 120pm of the neuropil consist of both
primary and secondary visual afferents from the basal optic
root and anterior thalamus. This area stretches across
the entire oculomotor column from n.III to n.IV. Directly
medial to nBOR, in the central portions of the neuropil,
afferents can be found which originate from either the
nucleus of the cerebellum or the cell groups of the medial
longitudinal fasciculus. As stated earlier, these affer-
ents are not restricted to input from the vestibular
nuclei. At the level of the trochlear nucleus, the dis-
tribution of afferents to the neuropil changes. The outer
portions contain afferents from the anterior thalamus and
there is a strong projection from the contralateral nucleus
of the cerebellum to the ventral portion of the nucleus
reticularis tegmenti. In the central gray, both the oculo-
motor neurons and the surrounding cell groups receive a
dense projection from the vestibular nuclei.
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Dendritic geometry
There are four basic types of dendritic arborization
within the somatomotor portion of the mesencephalon. The
first type is represented by the cells of peri-nBOR which
are located in the middle of the neuropil and send their
dendrites into the visual terminal areas along the lateral
margin of the brain. The second type of dendritic organi-
zation is that of the small cells of the nucleus of the
medial longitudinal fasciculus. These cells, which are
located in the central gray, have dendritic trees which
extend as far as the center of the neuropil, medial to
peri-nBOR. The third type of dendritic arborization is
that of the large cell of the nucleus reticularis teg-
menti. The dendritic arbors of these cells differ from
the other cell groups of the somatomotor area in that they
extend vertically through the neuropil. As a result of
this type of dendritic configuration, these dendrites
travel across the layers of afferent terminals while the
other cells in this region have dendrites which pass
through the layers of afferents. The final type of
dendritic morphology is that displayed by the oculomotor
neurons and the reticular cells of the nucleus of the
medial longitudinal fasciculus. All of these cell groups
send their dendrites from the central gray to the outer
margin of the neuropil.
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These different types of dendritic trees divide the
cell groups of the somatomotor area into cells which
arborize in the outer neuropil (peri-nBOR)
,
cells which
arborize in the inner neuropil (small cells of the nucleus
of the medial longitudinal fasciculus)
,
cells which
arborize across the laminated afferents of the neuropil
(nucleus reticularis tegmenti) and finally cells which
arborize through these layers of afferents (the oculomotor
neurons) (Figure 18) .
The Nucleus of the Medial
Longitudinal Fasciculus
Cyto logy
The nucleus of the medial longitudinal fasciculus con-
sists of that portion of the central gray surrounding and
dorsal to n.III and n.IV. The most rostral portion of this
region measures 360ym by 600ym along the dorsoventral axis
of the brain. The more caudal parts of this structure are
considerably larger, measuring 600ym wide and 840ym long
across the dorsoventral axis of the brain.
Efferents
From within this cell group a number of distinct pro-
jections arise. The nucleus of the medial longitudinal
fasciculus projects to the spinal cord, the vestibular
nuclei, and the ventral brainstem. Additional connections
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exist to the ipsilateral oculomotor nuclei and to the
contralateral nucleus of the medial longitudinal fasciculus
and oculomotor cell groups.
The projection to the spinal cord is bilateral. On
the contralateral side of the brain this projection
originates from cells surrounding the oculomotor nuclei;
however, on the ipsilateral side of the brain this pro-
jection originates from cells in the dorsal part of the
nucleus. The cells projecting to the vestibular nuclei
were located in the rostral portion of the nucleus, while
the commissural cells were found in a strip across the
middle of the nucleus. It should also be noted that some
cells in the nucleus Edinger-Westphal were also found to
project to the spinal cord.
Summary
The nucleus of the medial longitudinal fasciculus
projects to all of the oculomotor nuclei as well as to
the spinal cord and vestibular nuclei. These connections
match exactly those reported in the mammalian nucleus
interstitial of Cajal.
Cell Groups of the Medial
Longitudinal Fasciculus
HRP injections in the ventral mesencephalon resulted
in the retrograde labelling of a large number of cells
along the midline and central between the trochlear
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nucleus and the abducens nucleus. When HRP injections in-
cluded both the oculomotor nuclei and the nucleus of the
medial longitudinal fasciculus, the HRP labelled cells were
found along a 600pm area along the r ostro-caudal axis of
the brain. In one case these cells were counted and 140
cells were labelled in ipsilateral midline structures;
none were seen in contralateral midline cell groups. In
this case, 194 cells were labelled in the ipsilateral
central gray with only 32 cells backfilled on the contra-
lateral side of the brain (Figure 19). When HRP was
injected exclusively in the nucleus of the medial longi-
tudinal fasciculus, cells were labelled in the central
gray, with no cells labelled in the midline structures.
The Somato-Motor Area at the Level
of the Abducens
Cytoarchitecture
The measurements reported here are based on frozen
sections of the brainstem somato-motor region surrounding
the abducens motor nucleus. From the ventral surface of
the brain to the ependymal layer on the dorsal surface is
a distance of 840pm. Along the ventral surface of the
brain there are two classes of cells, one of which is 7.5pm
in diameter; the other is elongate with a soma 5/2. 5pm in
diameter. The smaller of these two cells may represent
glia
.
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From the ventral surface of the brain, the next 120pm
contain a diffuse region of cells 10pm in diameter. In the
middle of the neuropil 450pm from the ventral surface there
is a distinct cluster of large 30pm cells and small cells
18/6pm. These cells represent the reticular nucleus
medius. From the nucleus medius to the midline there is
a band of cells with soma 18/6pm in diameter. On the edge
of the central gray, 640pm from the ventral surface, are
the large cells of the abducens nucleus as well as large
reticular cells.
The central gray is 120pm thick and consists of two
cell layers. The outer layer contains pale-staining Nissl
substance, ranging from 7 to 12pm in diameter. Below this
area a second population of small cells 6 to 7pm in
diameter merges with a final neuropil area 85pm thick
(Figure 20)
.
1
i
Lamination of afferent terminals
J
In the previous sections of this dissertation, the
afferents to the abducens area have been described as
originating from visual, somatic and vestibular nuclei.
These afferents form a complex pattern of terminations
which have a laminated arrangement.
Visual afferents originate from the tecto-bulbar
pathway and from the central tegmental (pretectal) pathway.
These bundles arborize along the ventral margins of the
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neuropil and are segregated into a medial zone containing
tecto-bulbar fibers and a lateral zone containing pretecto-
bulbar fibers. Both of these bundles occupy the ventral
120ym of the neuropil, and, at the level of the abducens,
fibers from both of these tracts move dorsally to
terminate in the middle of the neuropil. Some of these
fibers can be seen near the somata of the cells of the
nucleus medius.
Within the middle of the neuropil there are a number
of bands of terminals from the vestibular nuclei mainly
on the ipsilateral side. As we have seen, the nucleus
of the cerebellum projects bilaterally to the margins of
the central gray creating a band 120ym thick (Figure 14).
Within this area the density of terminals is higher within
the first 120ym of the central gray. Also at the margins
of the central gray the medial longitudinal fasciculus has
an area of arborization directly surrounding the tract
itself. Finally, the ipsilateral central gray receive a
dense projection from the vestibular nuclei (Figure 10) .
Dendritic geometry
There are two classes of giant neurons within the
abducens area whose extensive dendritic arborizations cross
the entire tegmental neuropil. The first of these cell
groups is located along the margins of the central gray and
consist of the abducens motor neurons and the large
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reticular cells near the nucleus. The second group is com-
posed of the large cells of the nucleus medius.
The dendritic trees of the oculomotor neurons of the
abducens and the reticular cells have extensive dendritic
arbors which extend along the dor so-ventr al axis of the
brain. These dendrites pass through the entire neuropil
reaching the ventral surface of the brain. Several large
dendrites emerge from the somata of each neuron and travel
about 200ym before branching to form secondary dendritic
arbors. Third-order branches occur in the outer tegmental
neuropil, and these processes have terminal specialization
in the form of fine beaded arborizations. The dendrites of
each of these cells pass through the different layers of
afferents described above, such that the first-order den-
drite is within the terminal fields of the nucleus of the
cerebellum and the medial longitudinal fasciculus. The
secondary and third-order branches arborize within the
visual terminal area along the outer margin of the neuro-
pil. The distribution of the second-order branches is
such that one branch may be in the tectobulbar terminal
area while another process might be in the pretecto-bulbar
terminal area. The most medial of the oculomotor den-
drites have sometimes been observed to cross the midline,
whereas the most lateral branches have been seen expanding
into the area of the trigeminal motor nucleus.
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The cells of the nucleus medius have a different
pattern of branching. These large cells are located in the
center of the tegmental neuropil. The cells within this
cluster arborize either in a medial or in a lateral
direction. The more medial cells send their dendrites
toward the midline. The dendrites of these cells extend
across each of the layers of afferents described above.
The most ventral of these arbors enters first the pretecto-
bulbar visual area and continues into the tectobulbar
terminal area. The dorsal branches of these skirt the
margins of n.VI and the central gray where they enter the
terminal areas of the nucleus of the cerebellum and
vestibular nuclei. The more lateral of the cells of the
nucleus medius have similar systems of dendritic arbors,
but these enter the visceromotor and auditory portions of
the tegmental neuropil. The large cells of the nucleus
medius were found to project bilaterally to the spinal cord
with the larger projection originating on the ipsilateral
side of the brain. The large reticular cells near the
abducens motor nucleus were found to project to both the
spinal cord and the ventral mesencephalon.
Summary
The fundamental difference in the dendritic geometry
of the abducens motor neurons and the cells of the nucleus
medius is that while the cells of n.VI send their dendrites
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through the different afferent laminae, the cells of the
nucleus medius send their dendrites across the laminae.
The small cells
No efferents were ever observed from the 10pm cells
found within the ventral 120pm of the neuropil. In Golgi
preparations these cells were found to have radial den-
dritic trees and appeared to represent interneurons within
visual terminal areas. In the center of the tegmental
neuropil there are two distinct populations of medium-
sized neurons. Surrounding the nucleus medius there is a
group of pyramidal shaped cells which send their dendrites
into the ventral neuropil. These cells were found to have
two projections, one to the ipsilateral spinal cord and a
second to the ventral mesencephalon. A second population
of medium-sized neurons extends in a band from the nucleus
medius to the midline. These cells are located at the
boundary of the visual terminal fields and that of the
nucleus of the cerebellum. The first-order dendrites of
these cells extend ventrally into the visual areas; how-
ever, the basal dendrites of these cells arborize across
the band of cells forming a distinct layer of cells and
dendrites (Figure 21). These cells project to the ventral
mesencephalon and to the abducens motor nucleus and sur-
rounding central gray. These cells are morphologically
similar to the cells of peri-nBOR in the mesencephalon
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with dendrites in the visual terminal areas and axons reach-
ing the oculomotor nuclei and surrounding central gray.
These cells will be termed the anuran "brainstem visual
ar ea . "
At the level of the abducens, the central gray is
composed of a superficial layer of medium-sized cells and
a deep layer of small cells. The medium-sized cells extend
their dendrites to the middle of the neuropil. These cells
project to the ipsilateral ventral mesencephalon and to
the opposite abducens nucleus. The small cell layer is
composed of cells with short dendrites, many of which are
restricted to the central gray. These cells project bi-
laterally to the ventral mesencephalon and to the contra-
lateral spinal cord.
Summary
The small cell groups at the level of the abducens
consist of interneurons in the ventral portion of the
neuropil. Medium-sized cells of the nucleus medius
project to the mesencephalon and spinal cord. A "brain-
stem visual area" has been defined consisting of cells
postsynaptic to the visual terminal area and projecting
to the oculomotor nuclei. The central gray cell groups
have projections similar to those described for the
nuclei of the medial longitudinal fasciculus. These cells
project to the spinal cord and oculomotor nuclei as well
as having commissural connections.
CHAPTER I V
DISCUSSION
This dissertation has focused on two fundamental
questions within the neurosciences. While all human
activity is expressed through the motor system, the
anatomical basis of the transformation of a sensory map
to a motor template has remained elusive. To approach
this problem a ubiquitous behavior, the visual field-
holding response, has been chosen for analysis. The
second question relates to the extent to which circuits
and levels of functional organization can be generalized
across species. In hopes of defining the fundamental
circuitry underlying this common vertebrate reflex,
a primitive tetrapod, the anuran, was used in this study.
These animals show no pursuit eye movements (Dieringer
and Precht, 1981), but do display robust optokinetic
responses. These responses may be elicited by visual,
vestibular or somatosensory stimulation (Dieringer and
Precht, 1981). This basic reflexive behavior requires a
multisensory transformation in which vision, balance and
position sense must integrate to produce proper compen-
satory eye movements. To establish the locus of this
transformation, the organization of the spinal vestibular
and visual afferents to the oculomotor nuclei have been
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described in detail.
General Findings
1. Bisynaptic pathways
In the course of this investigation a number of gen-
eral findings were made on the organization of this system.
The first finding is related to the presumptive speed of
the interface between these sensory maps and the number of
structures involved. As should be expected for any re-
flexive behavior, the synaptic delay appears quite short.
The visual and vestibular systems as well as the spinal
cord all have bisynaptic connections with the oculomotor
nuclei. Potentially, the fastest of these connections is
found in the visual system where there is evidence in frog
for a mono-synaptic pathway between the retinal ganglion
cells giving rise to the basal optic tract and the outer
dendritic arbors of the oculomotor neurons of n.III. Bi-
synaptic connections occur between other visual nuclei
and the oculomotor cell groups. These pathways consist of
retinal ganglion cells which project to the anterior
thalamic, tectal and pretectal visual areas from which
afferents arise to the oculomotor nuclei. The vestibular
organ has similar bisynaptic connections with the oculomotor
column. From the vestibular ganglion, efferents terminate
in the vestibular nuclei, which then project to all of the
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oculomotor nuclei. Bisynaptic connections can also be
found between the spinal cord and oculomotor nuclei where
cells in the spinal cord project to the nucleus of the
cerebellum, which in turn projects to the oculomotor
nuclei (Figure 19)
.
2. Subcircuitry
While the cells of the visual and vestibular nuclei,
as well as those of the nucleus of the cerebellum, project
directly to the oculomotor nuclei, there are more elaborate
systems of connections which appear to be involved in the
fine-tuning and coordination of the response. In the
visual system, these connections involve internuclear
pathways between and within the anterior and posterior
visuo-oculomotor groups as described earlier. The con-
nections between the anterior and posterior visual areas
consist of reciprocal pathways between nBOR and the pre-
tectum as well as reciprocal connections between the
anterior thalamic visual areas and the tectum (Figure 20).
Within the anterior visuo-oculomotor group there are con-
nections between the anterior thalamic nuclei and nBOR.
In the posterior visuo-oculomotor nuclei, there are con-
nections between the pretectum and tectum.
In the cerebellar system, connections between the
cerebellar lobe and its nucleus represent elaborations on
the basic circuitry between the spinal cord— the nucleus
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of the cerebellum and the oculomotor nuclei. The vestibular
nuclei have coordinating interconnections between the ipsi-
lateral and contralateral nuclei as well as cerebellar
input
.
3. Multimodal connections
The third general finding of this study involves the
extent to which any second-order cell population can be
considered as being exclusively related to a single sensory
map. Evidence from this research indicates that a number
of so-called visual, vestibular and somatic nuclei
receive multimodal inputs. Among the visual nuclei, nBOR
receives afferents from the ventrolateral thalamus, which
is involved with the somatosensory system through its con-
nection with the obex (or dorsal column nuclei) and the
nucleus of the cerebellum (Neary and Wilczynski, 1977).
The deep tectal layers also receive afferents from the
ventrolateral thalamus, spinal cord, nucleus reticularis
tegmenti and the hypothalamus. In the cerebellum, units
have been recorded which indicate that visual, vestibular
and somatic inputs are present (see Llinas, 1976, for
review). The vestibular nuclei are known to receive
spinal and cerebellar afferents as well as input from the
nucleus of the medial longitudinal fasciculus. The pro-
jection of the nucleus of the medial longitudinal
fasciculus to the vestibular nuclei may convey visual
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information as units in the nMLF respond to visual stimula-
tion (Gruberg, personal communication)
. These connections
indicate that the integration of the sensory maps begins in
the second-order structures and continues through third-
and fourth-order connections.
4. Uniformity of oculomotor circuits
The fourth general finding concerns the way in which
the regions around the oculomotor nuclei are organized.
As we have seen, eye movements are controlled by three
nuclei. In forms other than lamprey, these nuclei are
displaced within the brain such that n.III and n.IV are
located in the mesencephalon and n.VI is in the brainstem.
Despite the differences in the distribution of these
nuclei, the circuitry surrounding these cell groups appears
remarkably uniform. This uniformity takes four forms:
(1) the lamination of afferents from different sources,
(2) the dendritic arborizations of the oculomotor neurons,
(3) the cytoarchitecture of the surrounding cell groups,
and (4) the connectivity of the postsynaptic cell groups.
In both the mesencephalon and brainstem, the visual
afferents to the somatomotor area are consistently found
along the outermost margins of the neuropil. Thus, while
the projections to the mesencephalic and brainstem oculo-
motor regions arise from different visual nuclei, their
final terminations in the somatomotor regions are similar.
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A second feature of these visual terminal areas is that in
each of the oculomotor regions there are two relatively
distinct projections. In the mesencephalon, the outer
tegmental neuropil contains terminal fields from the
anterior thalamus and the basal optic root. In the brain-
stem, the neuropil contains distinct terminal areas for the
tecto-bulbar and central tegmental (pretecto-bulbar
)
tract
.
In the middle of the tegmental neuropil of both the
mesencephalon and brainstem, afferents are found from the
nucleus of the cerebellum and the medial longitudinal
fasciculus. All three of the oculomotor nuclei receive
vestibular afferents around their sonata and within the
surrounding central gray. Across both the mesencephalic
and brainstem somatomotor neuropil there are identical
progressions of laminated afferents from visual, somatic
and vestibular nuclei of the brain (Figures 23-24)
.
A second form of uniformity is found in the geometry
of the oculomotor neuron's dendritic tree. While there
are differences between oculomotor neurons in the length
of their dendritic segments, the overall geometry of the
cells is consistent. All oculomotor neurons have both
primary and basal dendrites. The primary dendrite extends
across the entire neuropil and has both secondary and
third-order branches. The secondary branches tend to
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occur in the middle of the neuropil, while third-order
branches are found at the outer margins of the white
matter. The basal dendrites enter the central gray where
they travel for some distance before branching. In the
mesencephalon some of these basal dendrites pass through
the central gray in a dorsal direction to end near the
trigeminal sensory cells of the subtectal region. In the
brainstem, some of the basal dendrites of the abducens
motor neurons reach the margins of the trigeminal motor
nucleus
.
There are two fundamental variations in the geometry
of activation of a particular oculomotor neuron. The
first is the distance from the somata at which each
dendrite bifurcates. The second variation is the
orientation of that dendrite within the neuropil. Some
oculomotor neurons have dendrites which extend into the
visual terminal areas while others extend towards the
reticular cell groups. These reticular cell groups con-
sist of the nucleus medius in the brainstem and the nucleus
reticularis tegmenti in the mesencephalon. Despite these
differences, it is possible to postulate a geometry of
excitation for those oculomotor neurons with dendrites in
the visual terminal areas. For example, the basal den-
drites of the oculomotor neurons receive vestibular
afferents as does the somata. The somata also receives
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inputs from the surrounding central gray as well as from
cells postsynaptic to the visual terminal areas. These
cell groups are peri-nBOR and the brainstem visual area.
The primary shaft of the oculomotor neuronfe apical den-
drite is surrounded by terminals from the nucleus of the
cerebellum and the medial longitudinal fasciculus
(Figures 23, 24). Many of the oculomotor neurons have
dendritic trees which bifurcate in the middle of the
neuropil. This area is occupied by a mixture of terminals
from the nucleus of the cerebellum, the vestibular nuclei
and the visual areas. At the outer margins of the
neuropil, third-order branches occur in the visual
terminal areas of either the anterior or posterior visuo-
oculomotor projection groups. The second-order branching
of these cells can occur in such a way that one dendrite
is in the pr etecto-bulbar terminal area and a second
process may be in the tecto-bulbar terminal area. A con-
sistent feature of an oculomotor neuron's dendritic tree
is that it passes through the different laminae of affer-
ents in the neuropil. Whether or not synapses occur
directly on the dendrites of these cells cannot be de-
termined except in ultr astr uctur al analysis. Some of
these connections may take place through interneurons
scattered through the neuropil; however, the laminar
pattern of activation would most likely remain the same.
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oculomotor neuropil and related cell groups, while dis-
placed physically, still retain similar circuitry.
5. Commissural connections
The fifth general finding of this study is the dis-
covery of an extensive system of bilateral and commissural
connections. This type of organization is exemplified by
the bilateral projections of the vestibular nuclei and
the nucleus of the cerebellum to both somatomotor neuro-
pils. Other evidence of linkage between the two sides of
the brain is found in the commissural connections formed
by the nucleus of the medial longitudinal fasciculus and
the central gray surrounding the abducens. In the visual
projections, the balance of ipsilateral and contralateral
inputs appears to occur within the postsynaptic cell groups
and not at the level of the oculomotor nuclei. These
"yoked" connections may play a role in some form of con-
jugated movements of the eyes.
Summary
To summarize, the pathways to the oculomotor nuclei
from the visual, vestibular and somatosensory sense organs
consist of a number of monosynaptic, bisynaptic and tri-
synaptic circuits. Multisensory integration appears to
begin in second-order structures such as the optic tectum,
the vestibular nuclei and cerebellum. Afferents from
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these structures form layers of terminals within the oculo-
motor central gray and neuropil in both the mesencephalon
and brainstem. The cytological and dendritic architecture
of the oculomotor neurons and their surrounding cell groups
appears to be the same for all three oculomotor nuclei.
The afferents to the oculomotor region appear to consist of
yoked ipsilateral and bilateral pathways.
Anurans and Mammals
At the outset of this dissertation, suggestive evi-
dence was presented which indicated that anurans might
represent a good model system for understanding the sub-
cortical aspects of the visuo-ocular reflexes. To define
the degree of similarity between anuran and mammalian oculo-
motor circuits, a series of questions were posed about the
anuran oculomotor system. We can now attempt to answer
some of these questions.
(1) How does the anatomy of the oculomotor nuclei
differ between ranid frogs and mammals?
The anatomical organization of the oculomotor nuclei
was found to be remarkably similar to that of mammals. The
cells of each nucleus innervate similar muscle groups in
both vertebrate groups (Matesz and Szekely, 1977). The
actual size of the oculomotor neurons and the structure of
their dendritic trees are roughly equivalent when the
results of the present study are compared with drawings
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of oculomotor neurons from cat (Evinger, 1979), and rabbit
(Spencer et al., 1980). While the oculomotor neurons have
remained essentially the same, the surrounding neuropil
and cell groups have increased to several times the size
of that found in anurans. This has led to a fundamental
difference in the organization of the mammalian oculomotor
system. The mammalian oculomotor neuron's dendritic tree
does not penetrate in the outer margins of the neuropil
but is restricted to the area directly surrounding the
nuclei (Spencer et al., 1980).
(2) Do the ranids have a system of local afferents
and, if so, what is their morphology and connectivity?
Extensive evidence was found for systems of local
circuit neurons in both the mesencephalon and brainstem.
The organization of the nucleus of the medial longitudinal
fasciculus matches closely the connections of the nucleus
interstitial of Cajal in mammals. In both groups this
region projects bilaterally to the oculomotor nuclei, the
spinal cord and to the vestibular nuclei (Pompeiano and
Wallber g , 1958). Anurans appear to lack only the connec-
tions with the frontal eye fields found in mammals. In
the brainstem a number of local circuit as well as long
ascending and descending connections were found to
originate in the central gray surrounding n.VI. However,
the connections of this region have not been described in
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mammals, thus making comparisons impossible. Two cell
groups within the neuropil appear to represent the
primordium of the pontine tegmental cell groups. The cell
group between the nucleus medius and the midline appears
similar to the pontine visual area of mammals. These
cells have dendrites in the neuropil containing the tectal
and pretectal terminal areas and project to the ventral
mesencephalon and the abducens nucleus. In mammals, this
area receives afferents both from the superior colliculus
and the extrastriate cortex and project to the oculomotor
nuclei and cerebellum (Glickstein and May, 1982). The
large and small cells of the nucleus medius also appear to
have homologs in the mammalian dorsal pontine nuclei.
This homology is based on the relative topography of these
cells in anurans, reptiles (Newman et al., 1983), avians
(Hodos and Karten, 1966), and mammals (Peterson, 1980), as
well as their connections in reptiles and mammals. The
nucleus medius appears to be homologous to the nucleus
reticularis caudalis of mammals.
(3) Do internuclear pathways exist in ranids and,
if so, are they similar to those found in mammals?
A number of large reticular cells were found in both
the mesencephalic and brainstem adjacent to the oculomotor
nuclei. These cells had the same dendritic morphology as
the oculomotor neurons and formed interconnections between
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the oculomotor nuclei in the brainstem and mesencephalon.
These cells appear to be good candidates for the primordium
of the internuclear pathways in mammals (Highstein, 1977).
There does appear to be a difference between these cell
groups in mammals and anurans. The large reticular cells
of anurans also project to the spinal cord which has not
as yet been reported to be true in mammals.
(4) What are the origins and distribution of the
long ascending and descending afferent systems in ranids?
How do they compare with those found in mammals?
These questions are extremely broad and involve the
vestibular nuclei, cerebellum and visual areas. Each of
these areas will be dealt with sequentially.
The vestibular nuclei
With regard to the vestibular nuclei, it was possible
to subdivide the anuran ventral vestibular nucleus
(Niewenhuys and Opdam, 1976) into a number of cell groups
with distinctive projections. On the basis of cytological
differences, it was possible to first define a large-
celled lateral group and a medial, small-celled group.
These two cell populations were shown to have differential
projections to the spinal cord. The small-celled medial
region could be further subdivided based on their pro-
jections to the cerebellum and ventral mesencephalon. The
caudal portion of this medial cell group projects to the
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cerebellum while the cells in the anterior portions have
ascending projections to the mesencephalon. These con-
nections match those of the four vestibular nuclei found
in avians and mammals (see Brodal et al., 1962, for a
review of these connections). In mammals, the superior
nucleus has exclusively ascending projections. The lateral
nucleus is composed of large cells which give rise to the
vestibulospinal pathway. The caudal nucleus projects to
the cerebellum. The anuran vestibular nuclei have all of
the components found in the mammalian vestibular nuclei.
The cerebellum
The anuran cerebellum lacks much of the complexity
found in the avian and mammalian cerebellar regions. The
cerebellum of anurans consists of two lobes and a single
nucleus, while the mammalian cerebellum contains well over
ten lobes and four distinct nuclei (Crosby et al., 1962).
While the anuran cerebellum is merely a primordium of the
cerebellar system found in other vertebrates, the spinal
and vestibular afferents to this region follow the general
pattern found in mammals (Crosby et al., 1962). The two
spinocerebellar tracts found in anurans appear to be
homologous to the anterior and posterior spinocerebellar
pathways described in mammals. The projections of the
VUIth nerve and caudal vestibular nucleus were also
similar to those of mammals.
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Unlike the mammalian cerebellum, the visual afferents
to the cerebellar lobes are still undetermined in anurans.
No visual input has been found to originate from the
accessory optic system (Montgomery et al., 1981), the
pretectum (Grigonis, 1982) or the tectum (Rubinson, 1968)
.
In this study, it was determined that while there is a
region structurally similar to the mammalian pontine
visual area, no projections arise from this region to the
cerebellum. This opens the question of the existence of
an oculomotor area in the frog cerebellum. Despite ex-
tensive recording studies (see Llinas, 1976, for review),
no cerebellar units have been located which match those
of the mammalian oculomotor area of the cerebellum. The
visual responses which have been recorded are more similar
to those found in the superficial layers of the optic
tectum and the large field units of the accessory optic
nucleus and pretectal region (Shafa, 1974). The efferents
of the nucleus of the cerebellum follow the main lines of
those found in mammals; however, the relative proportions
of these efferents to particular structures differed. In
mammals, the primary projection of the cerebellar nuclei
is to the red nucleus of the mesencephalon and to the
ventral thalamus with only a small projection to the
brainstem. In anurans the situation is reversed with a
large projection to the brainstem nuclei and smaller pro-
jections to the ventral mesencephalon.
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The visual nuclei
The organization of the anuran visual system differs
from that of mammals in that there are no connections with
the telencephalon or cerebellum. The lack of telencephalic
connection for the cell groups of the anterior thalamic
visual areas indicates that these areas may be homologous
to the pulvinar and ventral lateral geniculate rather
than the dorsal lateral geniculate of mammals. In the
pretectum, the connections of the large-celled pretectal
nucleus are similar to those of the nucleus of the optic
tract in mammals (Grigonis, 1982), and lesions of the
large-celled nucleus or its related central gray reduce
the frequency of horizontal optokinetic nystagmus
(Montgomery et al., 1982). Similar results have been re-
ported following lesions of the nucleus of the optic tract
in rabbits (Collewijn, 1975). The tectal projections of
anurans are very similar to those found in mammals with a
large projection to the pontine tegmentum and limited in-
put to the mesencephalic oculomotor areas.
Some general similarities occur in the organization
of the visual input to the oculomotor neuropils in both
the mesencephalon and brainstem of anurans. In frog,
both peri-nBOR and the pontine visual area have dendrites
which enter the visual terminal areas and both cell groups
project to the oculomotor nuclei. In mammals, both of
these cell groups have connections with the cerebellum
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(Winfield et al., 1978; Glickstein and May, 1982). The
similarities in the afferents to these cell groups, their
dendritic morphology and efferents lead me to suggest that
these two populations may perform similar types of visuo-
ocular integration. In the course of evolution the
direct connection between these areas and the oculomotor
nuclei appear to have been lost and connections with the
cerebellum appear to have taken their place.
A major finding of this report was that cells in the
pretectal central gray which are postsynaptic to the
uncinate neuropil, project to the Edinger-Westphal nucleus.
I believe these connections may represent the substrate
for the pupilary light response. In lamprey, there is
only one pretectal nucleus which (based on its topography
and structure) appears homologous to the uncinate field
in frog (Kusunok and Ameniya, 1983). These animals have
subcutaneous eye and most likely use their eye to monitor
the length of the day. Other evidence supporting this
hypothesis comes from the central projections of the
parietal eye in frog. The frog's parietal eye has been
shown to project to both the Edinger-Westphal nucleus and
the central gray postsynaptic to the uncinate neuropil
(Eldred et al., 1980).
(5) What circuits are responsible for the integra-
tion of head and eye movements in ranids as shown by
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their projections to the cervical spinal cord?
A number of connections have been described in this
dissertation which may mediate the integration of the move-
ments of the head and eyes. These projections originate
from both the mesencephalon and brainstem and have two
basic forms. (1) Both the large and small cells of the
central gray surrounding the oculomotor neurons were found
to project to the spinal cord. These cells are located in
the nucleus of the medial longitudinal fasciculus and in
the brainstem central gray. The dendrites of these cells
arborize in the neuropil in a fashion similar to that of
the oculomotor neurons themselves. (2) The second basic
form of oculomotor-spinal connections originates from the
large cells of the nucleus medius and the ventral portion
of the nucleus reticularis tegmenti. These cells send their
dendrites across the neuropil with particular dendrites
entering modality specific terminal areas. The differences
in the dendritic morphology of these two cell populations
implies differences in their integrative functions. Cells
in the nucleus medius or reticularis tegmenti may fire as
a result of stimulation of one modality, while the cells
of the central gray could be expected to summate inputs
from a number of modalities before firing.
(6) Where do the visual, vestibular and somato-
sensory maps come together in the oculomotor system?
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As we have seen, multimodal inputs can be found in
most of the second-order nuclei of the visual, vestibular
and somatic systems. At the level of the oculomotor nuclei
there appear to be classes of cells which specifically
integrate two or more modalities. These include the cells
of peri-nBOR and the pontine visual area which receive
visual and somatic afferents. The cells of the central
gray receive both somatic and vestibular inputs. The
final point of integration appears to occur at the oculo-
motor neuron which sends it dendrites into all of the
terminal areas of the neuropil.
Conclusion
There are several important differences between the
oculomotor systems of anurans and mammals. In anurans the
oculomotor neurons extend their dendrites into a variety
of modality-specific terminal areas, while in mammals
their dendrites are limited to the area around the oculo-
motor nuclei. Also, mammals have developed a number of
connections between the cerebellum and the accessory optic
system and pontine visual areas. In anurans these areas
are directly connected with the oculomotor neurons. These
differences indicate that in mammals the integration of
the different modalities occurs farther away from the
primary motor neurons than they do in anurans. These
distinctions imply that the anuran oculomotor system cannot
98
be considered directly homologous to the subcortical
elements of the mammalian oculomotor systems. Thus, any
comparisons between these two systems should be qualified
by the major anatomical differences which exist between
these two groups. However, there are a wide range of
similarities in these systems in their local-circuit
cell groups and internuclear connections as well as the
general distribution of afferents within the neuropil.
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ABBREVIATIONS
AV - Anterior Vestibular Nucleus
B - Bellonci
BOR - Basal optic root
C - Cerebellum
G - Geniculatum
HRP - Horseradish peroxidase
LV - Lateral vestibular nucleus
MLF - Medial longitudinal fasciculus
MV - Medial vestibular nucleus
n. Ill - Oculomotor nucleus
n.IV - Trochlear nucleus
n.V - Trigeminal nucleus
n .VI - Abducens nucleus
n . VIII - Vestibular nucleus
nBOR - Nucleus of the basal optic root
nC - Nucleus of the cerebellum
nLG - Nucleus lateral geniculate
nM - Nucleus medius
nMLF - Nucleus of the medial longitudinal fasciculus
nPT - Large-celled pretectal nucleus
nRT - Nucleus reticularis tegmenti
OKN - Optokinetic nystagmus
OT - Optic tectum
per i-nBOR - Neuropil surrounding nBOR
R - Nucleus rotundus
SO - Superior olivary nucleus
SVT - Spinovestibular tract
tb - Tectobulbar tract
VOR
VUIth
- Vestibulocular reflex
- Vestibular nerve
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Fig. 2. The position of the oculomotor neurons of
the lamprey.
a. The mesencephalon.
b. The brainstem.
Redrawn from Finger and Rovainen, Brain Research, 1978, 154,
123-127.
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Fig
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3a
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The mesencephalon of a teleost
.
Fig
.
3b. The lower brainstem of a teleost
Redrawn from H. Kuhlenbeck, The Central Nervous
System of Vertebrates
,
Vol. 4, 1975.
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Fig. 4. The position of the anuran oculomotor
nucle i
.
a. The mesencephalon
b. The lower brainstem.
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The mesencephalon of a
Fig
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5b. The lower brainstem of
Redrawn from H. Kuhlenbeck, The
stem of Vertebrates
,
Vol. 4, 1975.
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Fig. 6a. The mesencephalon of an avian.
Fig. 6b. The lower brainstem of an avian.
Redrawn from H. Kuhlenbeck, The Central Nervous
System of Vertebrates
,
Vol. 4, 1975.
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Fig
.
7a. The mesencephalon of
Fig 7b. The pons of a mammal
a mammal.
Redrawn from E. Crosby, T. Humphrey and E. Lauer,
Correlative Anatomy of the Nervous System
,
1962.
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Fig
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The cerebellar lobes of mammals
Fig 8b. The vestibular nuclei and their
in mammals.
Redrawn from E. Crosby, T. Humphrey and E.
Correlative Anatomy of the Nervous System
,
1962.
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Lauer
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Fig. 9. The ascending projections from
cord of Rana pipien These projections reach
stem optic tectum, cerebellum, and vestibular
the spinal
the brain-
nucle i
.
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Fig. 10a. The cytoarchitecture of the anuran
vestibular nuclei showing the VUIth nerve, the lateral
large celled region and the medial small celled region.
Fig. 10b. The projections of the vestibular nuclei
to the lower brainstem.
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129
Fig. 11a.
nuclei
.
A HRP injection site in the vestibular
Fig. lib. Following a HRP injection of the rostral
spinal cord cells of the lateral vestibular nucleus and
the small celled medial vestibular nucleus are stained
HRP positive.
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131
Fig
.
12a. Following a HRP injec tion of the
cortex cells are stained HRP positive in the c aud
vestibular nucle US .
Fig 12b. Following a HRP injec tion in the
mesencephalon cells are backfilled in the anterior
vestibular nucleus.
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Figure 12
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Fig
.
cerebellum
13. The projections
to the mesencephalon
of the nucleus of the
and lower brainstem.
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Fig. 14a. Following a HRP injection in
mesencephalon cells are seen stained with HRP
nucleus of the cerebellum.
the ventral
in the
Fig. 14b. Bands of HRP labelled terminals can be
seen in neuropil of the ventral brainstem following HRP
injection in the nucleus of the cerebellum.
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137
Fig. 15. A section through the anterior thalamus of
anur ans
.
Right side: The retinal terminal fields of Bellonci
and Geniculatum.
Left side: Cell groups of the posterior central,
rotundus, the lateral geniculate and the
ventral medial nuclei.
Adapted from F. Scalia and K. Gregory, Brain Behavior
and Evolution, 1970, 3, 16-29.
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139
Fig. 16. Section through the ventra
showing the relationship of nBOR to the oc
n.III. Note the oculomotor neurons' dendri
into nBOR. Following an intraocular injec
1 mesencephalon
ulomotor nucleus
tes extending
tion of HRP.
140
Figure 16
141
Fig. 17. Cell groups of the dorsal and ventral
mesencephalon of Rana pipien .
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Figure 17
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Fig. 18. The cytoarch itectur e of the ventral mesen-
cephalon showing nBOR, n.III the central gray and neuropil.
Fibers can be seen stained with HRP around n.III as a
result of an injection of HRP into the vestibular nuclei.
fiSpii
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Figure 18
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Fig. 19. The cell groups between n.IV and n.VI are
seen stained with HRP following an injection into the
ventral mesencephalon.
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Figure 19
147
Fig. 20. Section through the ventral brainstem of
Rana pipien . The cytoarchitecture of the area around n.VI
can be seen as well as fibers of the tectobulbar tract
which have been stained with HRP following a tectal
injection.
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instem visual area.
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Figure 21
151
Fig. 22. Connections between the visual, somatic
and vestibular nuclei with the oculomotor column.
BOR
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Fig. 23. Cytoa
lamination and dendri
cephalic somato-motor
rchitectu
tic geome
area
.
re
,
try
afferent terminal
of the ventral mesen-
154
MESENCEPHALON
Cytoarchiledure
Afferent}
isual
Somatic
Vestibular
Dendritic Geometry
Figure 23
155
Fig. 24. Cytoarch
lamination and dendritic
somato-motor area.
itecture
,
geometry
afferent terminal
of the ventral brainstem
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